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Castings made of aluminum 319 and A356.2 alloy were examined to determine 
the effectiveness of using pressure application during solidification to reduce porosity 
levels. Pyknometry was the method chosen to measure porosity.  It was determined that 
the porosity of castings poured in both alloys was reduced in some instances. During the 
study, the surfaces of these castings were also examined and some were found to have 
defects present. After the porosity was evaluated, specimens of castings poured in both 
alloys were tested to determine whether or not the surface intrusions affected the castings. 
The defects were found to reduce the strength of the castings poured in aluminum 319. 
The castings poured in A356.2 did not have surface intrusions or any significant 
decreases in strength.  Therefore it was concluded that of the two alloys tested, A356.2 
alloy is most suited for using pressurization as a method of reducing porosity.  
DEDICATION 
This is dedicated to my mother and father, Stella and Robert Gales, my sisters, 
Sharonda and ShaWanda Gales, my brothers, Reginald Gales and Victor Thomas, and to 
all other family members whose support, love, and well wishes made this possible. This 
is also dedicated to the memory of my sister Gretchen Adair Reed. 
ii 
ACKNOWLEDGEMENTS 
First and foremost I would like to thank God for giving me the opportunity to 
continue my education and to create a brighter future for myself. 
I thank Dr. John Berry, my major professor, for guiding me through my research 
and giving me the chance to learn.  He has helped me grow professionally by setting a 
positive example for me to follow and by also letting me lead.  I thank my committee 
members, Dr. Judy Schneider and Dr. Rogelio Luck, for contributing to my academic 
development and helping me in any way possible.  I also thank the other faculty members 
like, Dr. Jeff Shenefelt and Stephen McClain, at Mississippi State University that helped 
to further my education and the business that supplied the castings studied. 
I would like to thank the lab assistants and other graduate students that helped in 
the preparation and/or testing of samples used in this thesis. Without your help, 
completing this body of work would have been almost impossible.   
Finally, I would again like to thank all family, especially my father and mother, 
Robert and Stella Gales, and friends without whose unwavering support I surely would 
not have made it through this. 
iii 
TABLE OF CONTENTS 
Page 
DEDICATION .............................................................................................................. ii 
ACKNOWLEDGMENTS............................................................................................ iii 
LIST OF TABLES ....................................................................................................... vi 
LIST OF FIGURES...................................................................................................... xi 
CHAPTER
 I. INTRODUCTION............................................................................................. 1 
Study Objectives ............................................................................................... 2 
 II. LITERATURE REVIEW.................................................................................. 3 
Effects of Porosity............................................................................................. 6 
Measuring porosity...................................................................................... 7 
Casting Surface ................................................................................................. 8 
Measuring surface effects............................................................................ 9 
III. METHODOLOGY.......................................................................................... 11 
Composition of Alloy...................................................................................... 11 
Production of Castings .................................................................................... 13 
Casting Designation ........................................................................................ 16 
Pyknometry Specimen Preparation and Method............................................. 18 
Pyknometry Determination Method................................................................ 19 
Experimental Method for Porosity Determination.......................................... 23 
Shape Factor Specimen Preparation and Method ........................................... 25 
Shape factor data analysis ......................................................................... 26 
Surface Defect Analysis .................................................................................. 29 
Optical microscopy and SEM analysis...................................................... 29 
Surface roughness ..................................................................................... 30 
Four-point bend specimen preparation...................................................... 30 
Four-point bend test .................................................................................. 33 
iv 
CHAPTER Page 
Four-point bend test data analysis............................................................. 35 
Uncertainty Analysis ....................................................................................... 37 
Limitations of this Study................................................................................. 39 
 IV. RESULTS........................................................................................................ 41 
Porosity............................................................................................................ 41 
Shape Factor.................................................................................................... 47 
Optical Microscopy......................................................................................... 50 
Surface Roughness .......................................................................................... 55 
Four-point Bend Test ...................................................................................... 56 
V. DISCUSSION AND CONCLUSION............................................................. 73 
Porosity............................................................................................................ 73 
Shape Factor.................................................................................................... 74 
Optical Microscopy......................................................................................... 75 
Surface Roughness .......................................................................................... 75 
Four-point Bend Test ...................................................................................... 76 
Future Work .................................................................................................... 80 
REFERENCES............................................................................................................ 81 
APPENDIX 
A Melting and Pouring Table Data for each of the Casting Groups 
A through O............................................................................................... 83 
B1 Pyknometry Calculation Example and Data ................................................... 89 
 B2 Pyknometry Uncertainty Analysis ................................................................ 100 
C Shape Factor Calculation Example and Data................................................ 134 
D Surface Roughness Data................................................................................ 142 
v 
LIST OF TABLES 
Table Page
 3.1 Actual composition of aluminum alloys 319 and A356.2............................ 13 
3.2 Composition of aluminum alloys Al319 and A356.2 .................................. 17 
4.1 Percent porosities of casting group H (A356.2, no pressure) ...................... 42 
4.2 Percent porosities of casting group I (A356.2, 
full pressure to cup at 90 )...................................................................... 43 
4.3 Percent porosities of casting group N (A356.2, 
full pressure to cup at 50 )...................................................................... 44 
4.4 Percent porosities of casting group N (A356.2, 
full pressure to cup at 50 )............................................................................ 44 
4.5 Four-Point Bend Test Results for Casting Group 
A2 (Al319, no pressure) ......................................................................... 57 
4.6 Four-Point Bend Test Results for Casting Group 
A3 (Al319, no pressure) ......................................................................... 57 
4.7 Four-Point Bend Test Results for Casting Group 
A4 (Al319, no pressure) ......................................................................... 58 
4.8 Four-Point Bend Test Results for Casting Group 
D2 (Al319, full pressure to cup with pins at 90º)................................... 58 
4.9 Four-Point Bend Test Results for Casting Group 
D3 (Al319, full pressure to cup with pins at 90º)................................... 59 
4.10 Four-Point Bend Test Results for Casting Group 
D4 (Al319, full pressure to cup with pins at 90º)................................... 59 
4.11 Four-Point Bend Test Results for Casting Group 
G2 (Al319, full pressure to cup with pins at 45º)................................... 60 
vi 
 Table Page
 4.12 Four-Point Bend Test Results for Casting Group 
G3 (Al319, full pressure to cup with pins at 45º)................................... 60 
4.13 Four-Point Bend Test Results for Casting Group 
G4 (Al319, full pressure to cup with pins at 45º)................................... 61 
4.14 Averaged flexural modulus and flexural strength data for Al319 alloy....... 61 
4.15 Four-Point Bend Test Results for Casting Group 
H1 (A356.2, no pressure) ....................................................................... 62 
4.16 Four-Point Bend Test Results for Casting Group 
H2 (A356.2, no pressure) ....................................................................... 62 
4.17 Four-Point Bend Test Results for Casting Group 
H3 (A356.2, no pressure) ....................................................................... 63 
4.18 Four-Point Bend Test Results for Casting Group 
H4 (A356.2, no pressure) ....................................................................... 63 
4.19 Four-Point Bend Test Results for Casting Group 
I1 (A356.2, full pressure to cup at 90º) .................................................. 64 
4.20 Four-Point Bend Test Results for Casting Group 
I2(A356.2, full pressure to cup at 90º) ................................................... 64 
4.21 Four-Point Bend Test Results for Casting Group 
I3 (A356.2, full pressure to cup at 90º) .................................................. 65 
4.22 Four-Point Bend Test Results for Casting Group 
I4 (A356.2, full pressure to cup at 90º) .................................................. 65 
4.23 Four-Point Bend Test Results for Casting Group 
N1 (A356.2, full pressure to cup at 50º)................................................. 66 
4.24 Four-Point Bend Test Results for Casting Group 
N2 (A356.2, full pressure to cup at 50º)................................................. 66 
4.25 Four-Point Bend Test Results for Casting Group 
N3 (A356.2, full pressure to cup at 50º)................................................. 67 
4.26 Four-Point Bend Test Results for Casting Group 
N4 (A356.2, full pressure to cup at 50º)................................................. 67 
vii 
Table Page
 4.27 Averaged flexural modulus and flexural strength data for A356.2 alloy..... 68 
A.1 Group A: castings A1-A16 poured with no pressure and no pins................ 84 
A.2 Group B: castings B1-B16 poured with full pressure applied 
to the pouring cup once the mold was vertical and no squeeze pins...... 84 
A.3 Group C: castings C1-C16 poured with no pressure applied to the  
pouring cup and full pressure to the squeeze pins once the  
 mold was vertical ................................................................................... 84 
A.4 Group D: castings D1-D16 poured with full pressure applied to the 
pouring cup and to the squeeze pins once the mold was vertical........... 85 
A.5 Group E: castings E1-E8 poured with reduced pressure applied to the 
pouring cup once the mold was vertical and no squeeze pins................ 85 
A.6 Group F: castings F1-F16 poured with full pressure applied to the 
pouring cup once the mold tilted 45º and no pins .................................. 85 
A.7 Group G: castings G1-G16 poured with full pressure applied to the 
 pouring cup and to the squeeze pins once the mold tilted 45º .............. 86 
A.8 Group H: castings H1-H16 poured with no pressure and no pins................ 86 
A.9 Group I: castings I1-I16 poured with full pressure applied to the 
pouring cup once the mold was vertical and no squeeze pins................ 86 
A.10 Group J: castings J1-J16 poured with no pressure applied to the pouring 
cup and full pressure to the squeeze pins once the mold was vertical ... 87 
A.11 Group K: castings K1-K16 poured with full pressure applied to the 
pouring cup and to the squeeze pins once the mold was vertical........... 87 
A.12 Group L: castings L1-L16 poured with full pressure applied to the 
pouring cup once the mold was tilted 10º and no squeeze pins ............. 87 
A.13 Group M: castings M1-M16 poured with full pressure applied to the 
pouring cup once the mold was tilted 20º and no squeeze pins ............. 88 
A.14 Group N: castings N1-N16 poured with full pressure applied to the  
pouring cup once the mold was tilted 40º and no squeeze pins ............. 88 
viii 
Table Page
 A.15 Group O: castings O1-O16 poured with full pressure applied to the  
pouring cup once the mold was tilted  30º and no squeeze pins ............ 88 
B1.1 Group H pyknometry data............................................................................ 96 
B1.2 Group I pyknometry data ............................................................................. 97 
B1.3 Group J pyknometry data ............................................................................. 98 
B1.4 Group N pyknometry data............................................................................ 99 
C.1 Area, Perimeter, and Shape Factor measurements for Group H ................ 135 
C.2 Area, Perimeter, and Shape Factor measurements for Group I.................. 136 
C.3 Area, Perimeter, and Shape Factor measurements for Group J ................. 137 
C.4 Area, Perimeter, and Shape Factor measurements for Group N ................ 138 
C.5 Hypothesis testing values for Group H ...................................................... 139 
C.6 Hypothesis testing values for Group I........................................................ 140 
C.7 Hypothesis testing values for Group J........................................................ 140 
C.8 Hypothesis testing values for Group N ...................................................... 141 
D.1 Surface roughness and peak-to-valley height
 measurements for Group A .................................................................. 143 
D.2 Surface roughness and peak-to-valley height
 measurements for Group D .................................................................. 143 
D.3 Surface roughness and peak-to-valley height
 measurements for Group G .................................................................. 143 
D.4 Surface roughness and peak-to-valley height
 measurements for Group H .................................................................. 143 
D.5 Surface roughness and peak-to-valley height
 measurements for Group I.................................................................... 143 
ix 
Table Page
 D.6 Surface roughness and peak-to-valley height
 measurements for Group N .................................................................. 143 
x 
LIST OF FIGURES 
Figure Page
 3.1 Castings and the mold with risers attached .................................................. 12 
3.2 Actual mold positions................................................................................... 12 
3.3 Casting with riser removed .......................................................................... 12 
3.4 Cutting and numbering of samples for each casting .................................... 19 
3.5 Basic setup for pyknometry analysis............................................................ 24 
3.6 Pore with a shape factor of 0.76 (A356.2) ................................................... 28 
3.7 Pore with a shape factor of 0.55 (A356.2) ................................................... 28 
3.8 Bend test specimen locations ....................................................................... 33 
3.9 Top, front, and side views of the bend test attachment head ....................... 34 
3.10 Four-point bend test setup ............................................................................ 35 
4.1 Percent porosity for casting group H (A356.2, no pressure)........................ 42 
4.2 Percent porosities of casting group I (A356.2, 
full pressure to cup at 90 )...................................................................... 43 
4.3 Percent porosity for casting group J (A356.2, squeeze pins at 90 )............. 44 
4.4 Percent porosity for casting group N (A356.2, 
full pressure to cup at 50 )...................................................................... 45 
4.5 Averaged percent porosity for each A356.2 casting group studied ............. 47 
4.6 Shape factor data for samples from Group H (A356.2, no pressure). 
Specimen number refers to the number given to each pore 
measurement (not total number of measurements) ................................ 48 
xi 
Figure Page
 4.7 Shape factor data for samples from Group I (A356.2, full pressure  
to cup at 90º). Specimen number refers to the number given 
to each pore measurement (not total number of measurements)............ 49 
4.8 Shape factor data for samples from Group J (A356.2, squeeze pins 
at 90º).  Specimen number refers to the number given to each 
pore measurement (not total number of measurements) ........................ 49 
4.9 Shape factor data for samples from Group N (A356.2, full pressure 
to cup at 50º). Specimen number refers to the number given 
to each pore measurement (not total number of measurements)............ 50 
4.10 Optical microscope photo of Group A casting surface (Al 319 alloy)......... 52 
4.11 Optical microscope photo of pressurized casting surface (Al319 alloy) ..... 52 
4.12 SEM photo of non-pressurized casting surface (Al319 alloy) ..................... 53 
4.13 SEM photo of pressurized casting surface (Al319 alloy) ............................ 53 
4.14 SEM photo of non-pressurized surface (A356.2 alloy)................................ 54 
4.15 SEM photo of pressurized casting surface (A356.2 alloy)........................... 54 
4.16 Ra values for Al319 and A356.2 alloy castings............................................ 55 
4.17 Rt values for Al319 and A356.2 alloy castings ............................................ 56 
4.18 Rt values for Al319 and A356.2 alloy castings ............................................ 69 
4.19 Flexural modulus values for A356.2 castings .............................................. 69 
4.20 Flexural strength values for Al 319 castings................................................ 70 
4.21 Flexural strength values for A356.2 castings ............................................... 70 
4.22 Weibull plot of Al319 castings..................................................................... 71 




As aluminum becomes a more widely used material for castings in the automobile 
and aerospace industries, producing defect free castings becomes more important. The 
most common defect found in aluminum castings is porosity.  If porosity is present in a 
casting it can cause a decrease in mechanical properties such as fatigue life, tensile 
strength, ductility, etc.  The two most common causes of porosity are gas and shrinkage. 
While having a casting with no porosity is ideal, having a casting with porosity resulting 
principally from gas rather than shrinkage is preferred because the more jagged shrinkage 
porosity more significantly affects the fatigue life of a casting.  Determining the type of 
porosity is important in figuring out how to reduce it.  In this study, pressure was applied 
during the solidification process to reduce porosity.  However, as pressure was used to 
reduce porosity, unexpected side effects like surface defects sometimes develop.  These 
surface defects could also cause a decrease in fatigue life.  Therefore, improvements that 
decrease porosity the most while causing minimal surface defects is highly desirable.   
The castings concerned in this study were obtained from a casting producer.  For 
the purposes of this study they are identified as thick-walled pressure vessels made using 
a tilt-pour, permanent mold process.  The pressure vessels are expected to remain leak 
proof and fracture resistant in service. Two materials were used to produce these 
aluminum castings, aluminum 319 alloy and aluminum A356.2 alloy.  This thesis 
1 
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describes an investigation of both the amount of porosity in the castings and the resulting 
defects in the two aluminum alloys using a pressurized tilt pour process.     
Study Objectives 
One objective of this study is to determine the effectiveness of applying pressure 
during solidification for reducing the porosity in an aluminum casting. Castings from 
selected sample groups will be divided into eight pieces and their porosities determined 
using a method known as pyknometry.  Average porosities calculated for each group will 
then be compared to see how varied solidification conditions affect the porosity.  In 
addition to determining how pressurization affects the amount of porosity, optical 
microscopy will also be used to discertain whether pressurization has an affect on the 
shape of the porosity in the castings.  The other objective of this study is to determine the 
effect of the ‘as-cast’ surface on the properties of the castings. A four-point bend test 
will be performed on samples taken from selected groups to measure the flexural 
modulus and flexural strength. 
CHAPTER II 
LITERATURE REVIEW 
Cast aluminum alloys, especially those alloyed with silicon such as A356, are 
important to both the aerospace and automobile industries because they have good 
castability, good mechanical properties, excellent corrosion resistance, a resistance to hot 
tearing, a high strength to mass ratio, and are light weight [Li 01-025 2001, Li 01-026 
2001, Ghomashchi 1993]. As the automobile industry attempts to produce lighter more 
fuel-efficient automobiles, aluminum alloy castings appear to be the equivalent 
replacements for the heavier forged steel or cast iron components presently being used. 
However, porosity is an unfortunate defect usually found in aluminum castings.  It has 
been shown that the fatigue strength of an aluminum casting can be seriously reduced 
[Jiang 1999] if porosity is present.  It is also estimated that one-half to three-fourths of all 
rejected castings are rejected for porosity or some related issue.  Therefore, the reduction 
in the porosity of a casting is crucial to making them viable steel replacements. 
The exact nature of porosity is highly disputed [Li 01-026 2001].  The study into 
the nature of porosity and its effects encompasses an exhaustive body of work. This 
thesis presents the more recent theories concerning this topic.  Most of the literature does 
agree that porosity is caused by gas, shrinkage, or a combination of the two.  However, 
even when the porosity is as a result of the combination of gas and shrinkage, one 
3 
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formation method will predominate. The first type of porosity that will be considered 
will be gas driven porosity.  In aluminum, gas porosity is usually caused when hydrogen 
comes out of solution from the liquid metal that has solidified [Campbell 1999]. 
Hydrogen leaves the solidifying metal because the solubility of hydrogen in aluminum 
decreases from approximately 0.9 cc/100 g in liquid aluminum to 0.03 cc/100 g in solid 
aluminum. As the casting solidifies, hydrogen comes out of the already solidified portion 
and attempts to mix in with the remaining liquid aluminum. Once the aluminum 
becomes supersaturated, bubbles of hydrogen gas nucleate and some become trapped in 
the solid forming gas driven pores [Anson 1999].   
The nucleation of bubbles in solidifying metal is a common occurrence. 
However, for a bubble to survive long enough to become a pore, enough atoms must 
combine to reach a critical radius, r*. The critical radius is determined by an equation 
specific to the gas that is forming the bubble 
− 2γ r* =  (2.1)
ΔP* 
where γ is the surface energy for the metal and ΔP* is the difference in the interior and 
exterior pressure of the bubble.  Bubbles with radii less than the critical radius will not 
survive [Campbell 1999].  In addition to reaching the critical radius, pressure both inside 
and outside of the bubble must be considered.  Pressure inside the bubble, Pg, must be 
greater than local pressure in the liquid, P, plus the surface tension pressure of the gas 
pore, Pσ, 
Pg ≥ P + Pσ  (2.2) 
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or, once again, the bubble does not survive [Li 01-025 2001].  However sometimes the 
formation of a bubble is aided in that if a bubble forms in contact with a non-wetted 
surface, it is more likely to survive because bubbles forming in contact with a solid 
require fewer atoms to reach the critical radius [Campbell 1999]. 
In addition to gas driven porosity, shrinkage is the other type of porosity that can 
be found in a casting.  Gas driven porosity is distinguished from shrinkage driven 
porosity when seen under the microscope by the gas driven porosity’s circular appearance 
in cross section.  Gas driven porosity is also distinguished from shrinkage porosity in that 
usually single gas pores are evenly distributed through out the casting whereas shrinkage 
pores are usually many small pores grouped together in isolated areas of the casting. It is 
believed that shrinkage driven porosity forms when an aluminum casting solidifies and a 
volumetric shrinkage of 5 to 6% occurs. To compensate for this shrinkage liquid 
aluminum is drawn from other areas [Anson 1999].  In addition to this shrinkage, the 
dendrites that have formed in the already solidified aluminum make it difficult for the 
liquid metal to reach all areas where it may be required. This may result in voids where 
there was not enough metal to provide a sound casting [Skallerud 19933, Li 01-026 2001, 
Jiang 1999, Anson 1999].   
Understanding whether the porosity in a casting is driven by gas or shrinkage is 
important when the goal is to decrease that porosity since the different types require 
different steps be taken to correct them [Anson 1999].  For example, Anson et al states 
that if the porosity in a casting were found to be mainly from gas, then better degassing 
methods would be the best way to significantly reduce porosity.  Conversely, if the 
6 
porosity were caused by shrinkage, degassing the metal would not help nearly as much as 
improving the feeding by changing the solidification conditions.  If porosity is caused by 
shrinkage, Li [Li 01-026 2001] proposes that by engaging pressure at the point when the 
pores start to form, the porosity can be decreased.  Image analysis is frequently employed 
to determine if the porosity shape is characteristic of that of shrinkage or gas porosity.  
Effects of Porosity 
As previously stated, it is estimated that one-half to three-fourths of all castings 
that are rejected are rejected because of porosity or some related issue.  Castability and 
mechanical properties [Li 01-026], especially fatigue resistance [Anson 1999], are 
usually decreased by the presence of porosity.  Porosity has been shown to reduce the 
fatigue strength of a casting by as much as 17% [Jiang 1999]. One belief is that the 
presence of porosity or equivalent defects reduces the amount of area available to bear a 
load thus concentrating the strain in the area of the defect [Cáceres 1996].  Therefore, it 
would be expected that the larger the pore found in an aluminum casting, the smaller the 
resulting area that must bear the load for the casting. One study by Zhang et al [Zhang 
1999] shows that in high cycle fatigue situations pores greater than or equal to the critical 
size of 100 μm are likely to be the site of crack initiation in aluminum A356.2 alloy. 
When pores are less than this critical size, oxides or eutectic constituents become the 
more likely initiation sites.  The presence of oxides and the size of eutectic constituents 
can be improved by strict control of the handling of the liquid metal and the modification 
methods used for the alloy. 
7 
The high strain concentrations found in the defect areas lead to a higher 
probability of crack initiation. The fatigue process generally consists of four stages: 
microcrack initiation, microcrack coalescence and growth (small-crack growth), 
macrocrack growth, and final fracture [Zhang 1999].  When these four stages of fatigue 
life are considered, the amount of time (number of cycles) taken to complete stages two, 
three, and four may be the same for aluminum castings both with and without porosity. 
However, the amount of time to complete stage one can vary greatly.  As a result of the 
reduction in the initiation life of cracks in castings containing porosity, most of the 
fatigue life is spent growing the crack causing the over all fatigue life of these castings to 
be shorter [Skallerud 1993].   
In addition to the size of the pores found in a casting, it has been shown that when 
many small pores are positioned together, a fatigue crack is more likely to be initiated 
[Boileau 1997]. It is believed that pores that are positioned close together are more likely 
to be shrinkage driven pores [Anson 1999].  Also, Chingshen Li suggests that the 
irregular shrinkage pores in a casting are more likely to induce a higher stress 
concentration than the round gas driven pores in an alloy [C. Li 2000]. Therefore, 
decreasing the concentration of pores that result mainly from shrinkage could also reduce 
the effects of porosity on mechanical behavior. 
Measuring porosity 
Pyknometry is the method frequently used to determine the porosity of castings. 
It is a technique that uses Archimedes principle to determine this quantity.  Archimedes’ 
principle states a body immersed in a fluid is buoyed upward by a force equal in 
8 
magnitude to the weight of the fluid displaced by the body.  In other words, the weight of 
a body in a fluid is decreased by a weight amount equal to the volume of that body. 
Archimedes’ principle allows for the calculation of the volume of a specimen that can 
then be input into an equation that solves for the porosity of that specimen. This 
technique will be described in Chapter III. 
Casting Surface 
Some castings in the present investigation that experienced pressure application 
during the solidification process had a visibly different surface appearance.  Upon further 
inspection, it was determined that some of the surfaces had hollows or intrusions present. 
Studies have shown that surface finishes that are rough, or that contain surface hollows, 
can lead to deterioration in mechanical properties, particularly fatigue resistance.  In 
addition to reducing the fatigue life of a casting, surface defects on the surface of a 
casting can also affect the strength and ductility of aluminum silicon alloy castings 
[Cáceres 1996].  A study by Jiang et al indicates that fatigue failures almost invariably 
nucleate at the surface or from other defects at or near the surface. This supports the 
belief that such surface defects can seriously impair fatigue life.  Since the stress 
concentration at these areas of the casting is likely to be high, particularly in bending, it is 
evident that fatigue cracks will initiate from such locations.     
In the study by Jiang both Ra, surface roughness, and Rt, the maximum peak-to-
valley height, were measured for the castings of Al-7Si-Mg.  It was stated that while Ra is 
the common parameter measured and used with fatigue analysis, Rt is a more suitable 
measurement to relate to fatigue analysis.  When Ra was 200-300 μm and Rt was 70-100 
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μm, fatigue fractures always initiated from the surface. However, if the surface 
roughness was decreased, other defects then became the fatigue crack initiators. This 
implies that by polishing or decreasing the surface roughness, the resistance to crack 
initiation is improved and initial crack growth is decreased.   
It would seem most probable that crack initiation rather than initial growth is 
affected more by the roughness of the casting.  Both as-cast and polished surface 
specimens were tested in the study by Jiang to determine the number of cycles required to 
form a microcrack of a predetermined length of 0.2 mm.  For polished surface specimens, 
60% of the specimens’ total fatigue life was spent growing the crack to this length. 
However, as-cast surface specimens used only 30% or their total fatigue life to grow the 
crack to this length.  Once this length was reached crack growth proceeded at 
approximately the same rate.  This leads to the conclusion that improvements to the 
fatigue life of a casting with a polished or less rough surface are derived from the fact 
that there is an increase in the amount of time (cycles) needed to initiate the crack.  Also, 
crack growth, once initiated, is not significantly affected by the roughness of the casting 
surface. 
Measuring surface effects 
Jiang et al employed a four-point bend test to study fatigue behavior as affected 
by the surface finish of the castings.  In the present investigation the four-point bend test 
was also used but in this case for testing the monotonic flexural strength.  For the four-
point bend test, a rectangular specimen is supported at each end and at two points along 
the upper surface a vertical load is applied. This causes a constant maximum tensile 
10 
stress to be applied between the two points on the lower surface.  Defects on this surface 
would be expected to significantly affect the results of the test.  The flexure strength, Su, 
would be calculated using the following equation   
3 ⋅ P ⋅ LSu = 2  (2.3)4 ⋅ b ⋅a 
where P is the load at fracture, L is the length between the lower supports, a is the 
specimen height, and b is the width of the specimen.  The flexural strength and modulus 
for the specimens can thus be recorded.  The results determined in the present study will 
be detailed in Chapter IV1. 
1 Fellow graduate student Raymond Thavarajah provided data for much of this section. 
CHAPTER III 
METHODOLOGY 
Sets of aluminum castings were produced four at a time in a tilt pour permanent 
mold process (Figure 3.1).  The liquid metal was ladled into a cup at the end of a 
horizontally positioned mold (Figure 3.2a).  The mold was then tilted forward to allow 
the metal to enter. The tilt pour process was used because it allows the metal to enter the 
mold with very little turbulence. This is important for aluminum especially because 
turbulent molten aluminum can entrain oxide films into the casting.  Similar to porosity 
effects, the oxide films can also negatively affect the mechanical properties of the casting 
[Zhang 1999].  The mold rests in the vertical position to allow complete solidification 
(Figure 3.2b).  Once solidification was complete the castings were removed from the 
mold and separated from their risers (Figure 3.3).  Some castings were given x-ray 
inspection, while others were made subject to a T-6 heat treatment. 
Composition of the Alloys 
Two sets of castings were made each from two different alloys:  aluminum 
A356.2 alloy and aluminum 319 alloy.  Both alloys are aluminum based with silicon as 
the primary alloying agent.  Silicon is the alloying element that allows for more intricate 
casting designs, better as cast surfaces, and better internal qualities.  Aluminum 319 alloy 
is considered a secondary alloy, meaning it is recovered from aluminum scrap. 
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(a) (b) 
Figure 3.2.  Actual mold positions. 
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Figure 3.1.  Castings and the mold with risers attached. 
Figure 3.3.  Casting with riser removed. 
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Secondary aluminum alloys can be treated to remove major impurities and then used to 
produce quality products.  In contrast, aluminum A356.2 alloy is considered a premium 
alloy.  This means castings made of this material are expected to be optimum in one or 
more of the following areas: mechanical properties, soundness, dimensional accuracy, 
and finish. One way in which this is accomplished is by strictly controlling the amount 
of impurity elements found in the metal [Davis 1998].  The composition for the metals 
used in making the castings is given in the table below. 
Table 3.1. Actual composition of aluminum alloys 319 and A356.2.     
Aluminum 319 Alloy 
Elements Percents 
Silicon (Si) 5.97% 
Copper (Cu) 3.42% 
Zinc (Zn) 0.86% 
Iron (Fe) 0.55% 
Manganese (Mn) 0.30% 
Titanium (Ti) 0.14% 
Magnesium (Mg) 0.08% 
Chromium (Cr) 0.06% 
Nickel (Ni) 0.04% 
Strontium (Sr) 0.03% 
Lead (Pb) 0.03% 
Tin (Sn) 0.01% 
Aluminum A356.2 Alloy 
Elements Percents 
Silicon (Si) 7.01% 
Titanium (Ti) 0.12% 
Iron (Fe) 0.08% 
Magnesium (Mg) 0.08% 
Strontium (Sr) 0.02% 
Nickel (Ni) 0.003% 
Zinc (Zn) 0.003% 
Manganese (Mn) 0.001% 
Chromium (Cr) 0.001% 
Production of Castings 
As previously stated, the castings were made using a tilt-pour permanent mold 
process. The same mold configuration was used for both materials except those made of 
aluminum 319 alloy had a core inserted in the mold. The mold for both sets of castings 
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contained four cavities which produced four castings in each pour. Sets of molds were 
mounted on a carousel which expedites time.  The castings for both aluminum 319 and 
aluminum A356.2 alloy were divided into groups.  The group divisions will be explained 
later in this chapter. 
Information concerning the aluminum 319 alloy casting process was as follows:   
• The metal was poured from an initial height of six inches.  
• It took four to five seconds to manually fill the pouring cup with approximately 
22 pounds of metal. 
• The metal remained in the pouring cup for three seconds before the mold started 
to tilt. 
•  It took 38 seconds for the mold to tilt to its vertical resting position. 
• The metal bath and metal pouring temperatures were 1440 F and 1430 F 
respectively. 
• The inside mold was the mold closest to the center of the carousel and the outside 
mold was the mold furthest from it. 
• Pressure was applied to the pouring cup evenly over the metal contained there and 
squeeze pins were also arranged to apply pressure at two locations on the castings 
in the mold. 
• Metal entered the mold at the top and the cavities filled from the bottom when the 
mold was tilted. 
• The mold filled in approximately 12 seconds after the tilt began. 
• The hydrogen level of the metal was maintained at ~0.11 cc/100 g. 
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• The molten metal was treated with both a strontium (Sr) based modifier as well as 
a titanium boride (TiB) type grain refiner. 
• Castings 1 through 4 for each group were heat treated to a T-6 condition. 
For a complete list of the conditions for each pour of aluminum 319 alloy see Appendix 
A. 
Information concerning the aluminum A356.2 alloy casting process was as follows: 
• The metal was poured at an initial height of six inches.  
• It took four to five seconds to manually fill the pouring cup with approximately 
22 pounds of metal. 
• The metal remained in the pouring cup for three seconds before the mold started 
to tilt. 
•  It took 19 seconds for the mold to tilt to its vertical resting position. 
• The metal bath and metal pouring temperatures were 1450 F and 1440 F 
respectively. 
• The inside mold was the mold closest to the center of the carousel and the outside 
mold was the mold furthest from it. 
• Pressure was applied to the pouring cup evenly over the metal contained there and 
squeeze pins were also arranged to apply pressure at two locations on the castings 
in the mold. 
• Metal entered the mold at the top and the cavities filled from the bottom when the 
mold was tilted. 
16 
• The mold was cycled dry between each set of 16 castings to allow the mold to 
cool. 
• The hydrogen level of the metal was maintained at ~0.11 cc/100g 
• The molten metal was treated with both a strontium (Sr) based modifier as well as 
a titanium boride (TiB) type grain refiner. 
• Castings 1 through 4 for each group were heat treated to a T-6 condition and 
castings 5 through 8 were x-rayed. 
For a complete list of the conditions for each pour of aluminum A356.2 alloy see 
Appendix A. 
Casting Designation 
The castings were produced in groups with letter designations; castings made 
from aluminum 319 alloy were labeled groups A through G and those made from 
aluminum A356.2 alloy were labeled groups H through O.  The castings were divided 
into groups that corresponded to differing conditions of pressure application during the 
solidification. Each variation in pressure application corresponds to a different lettered 
group.  The solidification processes for each lettered group are listed in Table 3.2.   
Pressure was applied to the castings during solidification in an attempt to reduce 
porosity found in them. Methods of pressure application consisted of applying 
compressed air to the pouring cup and/or applying squeeze pins to certain areas of the 
casting. The full pressure applied by the pins was 82 psi.  The full pressure applied to the 
cup was 52 psi and reduced pressure applied to the cup was 25 psi. The groups of 
17 
 Table 3.2. Composition of aluminum alloys Al319 and A356.2. 
Al319 
Group Solidification Condition 
A No pressure or pins applied. 
B Full pressure applied to the pouring cup without pins once the mold was 
vertical. 
C No pressure applied to pouring cup and full pressure applied to pins once the 
mold was vertical. 
D Full pressure applied to the pins and pouring cup once the mold was vertical. 
E Reduced pressure applied to the pouring cup without pins once the mold was 
vertical. 
F Full pressure applied to the pouring cup when the mold was rotated 45º from 
horizontal (45º from vertical). 
G Full pressure applied to the pouring cup and pins when the mold was rotated 
45º from horizontal (45º from vertical). 
A356.2 
Group Solidification Condition 
H No pressure or pins applied. 
I Full pressure applied to the pouring cup without pins once the mold was 
vertical. 
J No pressure applied to pouring cup and full pressure applied to pins once the 
mold was vertical. 
K Full pressure applied to the pins and pouring cup once the mold was vertical. 
L Full pressure applied to the pouring cup when the mold was rotated 80º from 
horizontal (10º from vertical). 
M Full pressure applied to the pouring cup when the mold was rotated 70º from 
horizontal (20º from vertical). 
N Full pressure applied to the pouring cup when the mold was rotated 50º from 
horizontal (40º from vertical). 
O Full pressure applied to the pouring cup when the mold was rotated 60º from 
horizontal (30º from vertical). 
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aluminum 319 alloy that are examined in this thesis are groups A, D, and G.  The groups 
of aluminum 356.2 alloy that are used in this paper are groups H, I, J, and N.     
For each letter group A-O with the exception of E, four replicate sets were made 
providing sixteen castings numbered 1 through 16.  Group E only had eight castings 
numbered 1 through 8 since only two replicates were poured.  The castings were 
numbered one through four for the first set, five through eight for the second set, etc. The 
numbering of the casting was ordered such that casting numbered 1, 5, 9, and 13 were 
from the same position of the mold and those numbered 2, 6, 10, and 14 were from the 
same position, etc.  So, the letter group designations as well as the casting numbers were 
used to refer to specific castings.  For example casting H11 means the casting was casting 
number 11 poured in the H lettered group and that castings H3, H7, and H15 were cast in 
the same position, but in separate pours. 
Pyknometry Specimen Preparation and Method 
A non-cooled abrasive blade was used to remove each casting from its riser. 
After removing the risers, the LECO LSM 250 A2 water-cooled cut off saw was used to 
section each casting into eight pieces as shown in Figure 3.4.   
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Figure 3.4.  Cutting and numbering of samples for each casting. 
Each piece or sample was then ground with a 240 grit abrasive sheet attached to a 
grinding wheel to remove any jagged edges or surfaces before pyknometry was 
performed. All cut surfaces were ground smooth, if needed, to make certain bubbles 
would not form on these surfaces. The formation of bubbles is undesirable because they 
can affect measurements taken during pyknometry.  This effect will be discussed later. 
Pyknometry Determination Method 
To determine the porosity of the above samples a method known as pyknometry 
was chosen. The steps for this method followed a procedure detailed in a paper by 
Taylor et al [Taylor et al 1998].  Pyknometry uses Archimedes principle to determine the 
density of an object by weighing that object in air and then in a liquid of a known density. 
The density of this object is then used to determine its percent porosity.  For this method 
three weight measurements are needed: 
Ws = weight of the object in air 
Wsb = weight of the object and its support basket in a liquid  
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Wb = weight of the support basket only in a liquid. 
These measurements, along with other values, which will be explained later, are inserted 
into an equation that gives the percent porosity of an object.  The equation is derived as 
follows. Again Archimedes’s principle states quantitatively that the weight of an object, 
Ws, is the vector sum of its weight in the liquid, Ws', and the buoyant force B. 
W = W '+B = W '+ρ ⋅ V ⋅ g  (3.1)s s s L s 
where Vs is the volume of the object, ρL, is the density of the liquid, and g is gravity.  The 
volume of the object can thus be rewritten as 
WsV =  (3.2)s ρ ⋅ gs 
with ρs being the density of the object.  The weight of the object in the liquid, Ws', can be 
rewritten as 
Ws '= Wsb − Wb  (3.3) 
Using the three equations above ρs can be solved for. 
ρL ⋅ Wsρs =  (3.4)Ws − (Wsb − Wb ) 
Now, if the theoretical or porosity free density of the object, ρth, is known, the percent 
porosity, P, can be solved for. 
⎛ ρs ⎞P = ⎜⎜1− ⎟⎟ ⋅100  (3.5)ρ⎝ th ⎠ 
or 
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⎛ ρ L ⋅ W s ⎞P = ⎜⎜1 − ⎟⎟ ⋅100  (3.6)⎝ ρ th ⋅ [W s − (W sb − W b )]⎠ 
However, a further refinement is required. Due to the height difference of the liquid 
when just the basket is being weighed and when the object and the basket are being 
weighed, there is a difference in the buoyant forces on the two; the forces on the basket 
are higher when measuring with the basket and the object than when just measuring with 
the basket. So, the height difference is determined and a correction factor for equation 
3.6 is found making the corrected equation for determining the percent porosity of a 
specimen 
⎛ ⎛ ⎛ 2 ⎞⎞ ⎞N ⋅ D⎜ ⎜ ⎜ wire ⎟⎟ ⎟ρ ⋅ W 1+L s 2 2⎜ ⎜ ⎜ ⎟⎟ ⎟ 




N = number of wires breaking the surface of the liquid 
Dwire = diameter of the wire breaking the surface 
Dcup = diameter of the cup that contains the liquid. 
Equation 3.7 is used to find the percent porosity of each of the eight samples 
excised from each casting.  To find the percent porosity of the entire casting it is noted 
that merely averaging the porosity valued for each piece is not correct. Percent porosity 
is calculated by dividing the volume of porosity by the volume of the casting.  Since each 
piece has a different volume straight averaging is inappropriate. Consequently, an 
n Wsijk∑Pijk ⋅ ⎛ 2 ⎞k=1 N ⋅ D⎜ wire ⎟ρ ⋅ W ⋅ 1+L sijk 2 2⎜ ⎟D − N ⋅ D⎝ cup wire ⎠ 
Ws − (Wsb − Wb )ijk ijk ijkPij = n W
∑ sijk 
k=1 ⎜⎛ N ⋅ Dwire 
2 
⎟⎞ ρ ⋅ W ⋅ 1+L sijk 2 2⎜ Dcup − N ⋅ Dwire ⎟⎝ ⎠ 
W − (W − W )sijk sbijk bijk 
22 
equation that averages the porosities of the pieces, Pijk, using the volumes of the pieces, 
Vijk, is used [McClain et. al 2001]:  
n 
∑ Pijk ⋅ Vijk 
k =1Pij = n  (3.8) 
∑ Vijk 
k=1 
where the subscripts i, j, and k represent the letter group A-O for the casting, the number 
1-16 within the group of the casting, and the number 1-8 of each piece respectively. The 





where the density of each piece, ρijk, is calculated by 
2 ⎞⎛ N ⋅ D⎜ wire ⎟ρ ⋅ W ⋅ 1+L sijk 2 2⎜ ⎟D − N ⋅ D⎝ cup wire ⎠ρ ijk =  (3.10)Ws − (Wsb − Wb )ijk ijk ijk 
combining equations 3.8, 3.9, and 3.10 the percent porosity of each casting is 
 (3.11) 
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Once the porosity for each of the four castings of the lettered group is calculated, they 
can be averaged together to obtain a percent porosity representative of the entire lettered 
group.  A sample Mathcad worksheet is provided in Appendix B1. 
Experimental Method for Porosity Determination 
A depiction of the experimental setup is shown in Figure 3.5.  The equipment 
used was: an Ohaus digital scale, a metal stand, a 1,000 mL beaker, support baskets made 
of 18 gauge primary copper wire, fishing wire to attach each basket to the scale hook, a 
thermometer, and distilled water. A small amount of liquid soap was added to the water 
before it was used to weigh the specimens.  The soap was added to reduce the amount of 
air bubbles that form.  The water was then poured into the beaker and allowed to reach a 
thermal steady state. While the water was sitting in the beaker, the cut surfaces of each 
specimen are examined to ensure they were smooth.  If a surface was jagged or rough, a 
240 grit abrasive pad attached to a grinding wheel was used to smooth that surface. This 
was done because a rough cut surface is the ideal location for the formation of bubbles 
when the specimen is submerged into the water. The formation of bubbles is not 
desirable because this could make the weight of the specimen appear less than its actual 
value. This results in an incorrect percent porosity calculation.   
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Figure 3.5.  Basic setup for pyknometry analysis. 
Once all of the cut surfaces were smooth, each specimen was weighed three times 
dry. After these measurements were recorded and the water had reached a constant 
temperature, the temperature of the water was taken and used to find the density of the 
water. Next, the weight of the support basket only in water was measured. Following 
this, each specimen was placed in the basket and that weight measured.  These values 
along with the theoretical density of the specimen, the diameter of the wire used to make 
the basket, the number of wires that break the surface, and the diameter of the cup were 
recorded in Mathcad® 2000 Professional and the percent porosity automatically 
calculated.  
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Shape Factor Specimen Preparation and Method 
To determine whether or not the porosity that existed in the castings was caused 
by gas or shrinkage, the shape factor of the pores was measured.  This measurement was 
done by first choosing a samples from each letter group H, I, J, and N. The selected 
samples were then polished until they had a mirror like finish.  The polishing method 
consisted of first grinding the samples flat on a 180-grit abrasive pad attached to a 
grinding wheel.  Next, the samples were ground on the Buehler Handimet® abrasive pads 
by hand. The samples were ground on 240, 320, 400, and 600 grit abrasive pads 
respectively until the scratches or lines made by each previous grind could not be seen. 
After the hand grind stage, rough polishing began with a 6-micron diamond suspension 
powder on a TEXMET® polishing cloth attached to the polishing wheel.  The 6-micron 
diamond suspension is powder, so distilled water was mixed with it to make a paste like 
substance for polishing.  The next rough polish again used a TEXMET® polishing cloth 
with a 1-micron diamond suspension powder paste on it. Fine polishing began with a 
0.10-micron diamond suspension powder paste on a MICROCLOTH® polish cloth. 
Finally, the samples were polished with a 0.05-micron Buehler GAMMA Micropolish® 
II Deagglomerated Alumina suspension on a MASTERTEX® polishing cloth. Distilled 
water was used to rinse the pieces in between each stage of rough and fine polishing to 
they could be inspected for any scratches or marks visible to the naked eye.  If any 
scratches were seen that polishing did not seem to disappear, the previous stage of 
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polishing was repeated until the scratches disappeared.  At the end of the polishing 
process the samples were again rinsed with distilled water and dried. 
After the samples were dry each one was randomly positioned five times on the 
Olympus PEM3 optical microscope and areas of porosity located.  The images of these 
areas of porosity were captured on a computer. Sigma ScanPro 3 was the program used 
to view each captured image and determine the shape factor. The software was setup so 
that when a pore was selected the area and perimeter of that pore were calculated and 
reported by the software in columns one and two, respectively, of an Excel® document. 
The pore was selected using a pointer, controlled by clicking the left mouse button, to 
select the pores boundary and ended by clicking the right mouse button.  Selecting the 
pores was practiced several times before the resulting area and perimeter measurements 
were used to calculate the shape factor. Equation 3.12 was then used to determine the 
shape factor, SF, for the pore 
4πASF =  (3.12)
P2 
where A is the area of the pore and P is the perimeter. A sample Excel worksheet is 
provided in Appendix C. 
Shape factor data analysis 
When attempting to reduce the level of porosity in a casting, the source of the 
porosity should be taken into account.  The castings in this study were subject to pressure 
application at various times during their solidification. Applying pressure during the 
solidification of a casting was done in order to improve the feeding of the metal to all 
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parts of the casting and also to suppress hydrogen evolution.  Determining the shape 
factor of pores, which form at particular locations, should provide evidence of whether 
the porosity is shrinkage driven (irregular and therefore possessing a low shape factor) or 
gas driven (more spherical and thus possessing a high shape factor). In an attempt to 
determine the cause of the porosity in the castings the shape factor of the pores was 
measured and statistically analyzed using a method known as hypothesis testing. 
In hypothesis testing a hypothesis to be tested and its alternative are stated.  As 
mentioned, for the shape factor data it was necessary to test whether more of the porosity 
was shrinkage or gas driven.  When measuring shape factors, a measurement close to one 
is considered a circle (i.e. a sphere) and a value close to zero is considered a straight line. 
On analyzing the porosity, a pore with a shape factor 0.70 and over was arbitrarily 
considered gas driven.  Figures 3.6 and 3.7 show pores found in some of the samples 
examined.  A shape factor of 0.70 was determined to be the lowest value for a gas driven 
pore because as Figure 3.6 shows, most pores with a shape factor value of 0.70 or more 
appeared circular and could be considered gas driven.  However, pores with a shape 
factor of less than 0.70, like Figure 3.7, were not assured of being circular.  Therefore 
these pores were considered shrinkage driven. To establish whether or not the porosity 
was shrinkage driven, the hypothesis to be tested stated that the shape factor tended to be 
greater than or equal to 0.70 and the alternative was that the shape factor tended to be less 
than 0.70. 
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Figure 3.6.  Pore with a shape factor of 0.76 (A356.2). 
Figure 3.7.  Pore with a shape factor of 0.55 (A356.2). 
Next, the confidence level, CL, had to be set.  The confidence level was 
determined using the equation 
CL = (1− α)⋅100  (3.13) 
where α is some small number selected for the analysis. For this study, α was selected as 
0.05, thus CL was 95%.  For this confidence level to be valid the data obtained had to 
follow a normal distribution. Shape factor data is not guaranteed to have a normal 
distribution. However, because of the Central Limit Theorem, the data does not have to 
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come from a normal distribution. The Central Limit Theorem states that data from any 
type of population can be considered to come from a normal population if enough 
samples are taken and used for the analysis.  As a rule of thumb, thirty samples is 
considered sufficient amount for the Central Limit Theorem to take effect.  Consequently, 
as long as at least thirty measurements were made for each letter group, the analysis 
could be undertaken and the confidence level for the results could be considered valid. 
After stating the hypotheses and setting the confidence level, a sampling of data was 
taken and the analysis performed.  Tables containing the complete shape factor 
measurements are located in Appendix C. 
Surface Defect Analysis  
When testing to see the effects of potential surface defects on the castings, three 
types of examinations were performed; surface roughness was measured, a scanning 
electron microscope (SEM) was used to view the casting surface, and the four-point bend 
test was used to determine the sensitivity of bend strength to as-cast surface defects.   
Optical microscopy and SEM analysis 
The broken samples from the four-point bend test as well as the x and y 
specimens were subjected to careful examination using an optical microscope and the 
SEM.  For the optical microscopy analysis, a small piece of each specimen was sectioned 
and polished as described in the shape factor analysis. The specimens were the mounted 
in a polymer biscuit prior to examining under the optical microscope. The area of interest 
was directed along the edges of the specimen where the as-cast surface was located. For 
30 
the SEM analysis, the specimens did not require any polishing or special preparation. 
They were mounted on a specimen holder, placed on a mounting table within the SEM’s 
vacuum chamber, and observed using the high intensity electron microscope.  The 
differences seen in the as-cast surfaces of the aluminum 319 and aluminum A356.2 alloys 
are discussed in Chapter IV. 
Surface roughness 
Samples from groups A, D, G, H, I and N were selected to measure the surface 
roughness.  A Surtronic 3+ surface roughness meter was used to determine surface 
roughness.  First the samples that were to have their surface roughness measured had to 
be cleaned to ensure nothing would interfere with the measurement or damage the probe 
of the surface roughness meter.  Once a sample was cleaned and dried it was placed on a 
stable horizontal surface.  The cut-off length and the parameters to be measured were set 
for the meter.  The meter’s stylus was then positioned on the casting surface to be 
measured ensuring that it was parallel to that surface.  The start key was pressed and the 
stylus moved across the sample’s surface.  When the measurement was finished, the 
stylus returned to its start position and the results were displayed and recorded.  Graphs 
of the recorded data are presented in Chapter IV and data tables are in Appendix D. 
Four-point bend specimen preparation 
To ensure repeatability and accountability of the results from the four-point bend 
test, Standard D790M-93 of the American Society for Testing and Materials (ASTM) 
was used to set the test parameters.  While the standard was written for unreinforced and 
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reinforced plastics and electrical insulating materials, it could also be used for rigid and 
semi-rigid materials making it applicable for both aluminum 319 and aluminum A356.2 
alloys. The dimensions of the bend specimens were fixed as 4 mm wide, 3 mm thick, and 
45 mm long.  The test bars were required to be machined to an accuracy of ±0.001 in or 
±0.025 mm. 
Specimens were machined from the central locations in the castings. Obtaining 
flat specimens from the cylindrical pressure vessels was especially difficult because of 
the bosses and other oddly shaped areas of the casting.  It was important to retain as much 
of the as-cast surface as possible.  A water-cooled abrasive blade was used to remove the 
riser from each casting.  The casting was then secured in a vice on the milling table such 
that the underside of the casting was facing up for cutting.  A standard horizontal mill 
was used to make the cuts. 
The vice was then tilted and secured 45 from horizontal so that the machined 
piece that resulted would be as flat as possible while preserving the as-cast surface.  With 
this setup, two rows of bend specimens could be machined from each casting. To 
machine these specimens, a standard carbide two-face mill bit with a 5/16-inch diameter 
was used. The flattest location on the surface of the casting was marked and set as a 
reference center for the milling operation.  The specimen on the left side of the casting 
would be milled to a depth of 5 mm while the right side specimen would milled to a 
depth of 3 mm.  The difference in the milling depths will be discussed later. 
Once the reference point for the casting was set, the milling operation began first 
on the specimen cut from the left side of the casting. The table the castings were secured 
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to was first moved in the Y direction from one end of the castings to the other.  The table 
was moved at a speed suitable for avoiding chatter of the tool bit while maintaining 
smooth contact with the cut surface. The process was manual so the experience of the 
operator was relied upon to find and maintain this speed. The depth of the cut was only 
1mm so after completing the pass from one end of the casting to the other, the table was 
raised 1mm and the process repeated until the desired depth of 5mm was reached.  Then 
the table was lowered and returned to its original reference point. The mill was 
positioned and then the specimen from the right side of the casting was cut. Again a cut 
depth of 1 mm was used for each pass until the desired depth of 3 mm was reached. The 
casting was then removed from the vice and turned 180 , keeping the same side up, so 
that the other side of the specimens could be cut. The process was repeated as stated 
above except now, the specimen with the 5 mm depth is on the right side and the 
specimen with the 3 mm depth is on the left side. 
After the sides of the specimen were milled, the entire casting was sectioned into 
four pieces so that the milled specimens could be removed from the casting.  The casting 
was sectioned using the LECO LSM 250 A2 water-cooled cut off saw. Then the milled 
rows had to be removed from the casting.  The row that was milled down 5 mm was 
sawed through at a depth of 5 mm and then milled down to the 3 mm desired thickness. 
The row that was milled down 3 mm was sawed through at a depth of 3 mm. This 
procedure now produced six 45 mm long bend specimens labeled a through f and two left 
over specimens labeled x and y that could be used in future scanning electron microscopy 









Figure 3.8.  Bend test specimen locations. 
Four-point bend test 
The machined bend specimens were tested using a standard four-point bend test 
setup on a Zwick Universal Testing Machine.  Initial parameters set for the machine were 
the test speed, 1 mm/min, the width of each specimen, 4 mm ± 0.025 mm, the depth of 
each specimen, 3 mm ± 0.025 mm, and the distance between the supports, 40 mm.  The 
specimens were identified and a maximum load of 1000 lb was set for the load cell in 
order to break the specimens. 
Before bend tests could be conducted, a special bend test attachment head was 
required to undertake the four-point bend test because of the small size of the specimens. 
The attachment head had to be specially machined for the testing purposes since one was 
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not readily available for the machine.  The four-point bend test head was fabricated from 
cold rolled low-carbon steel and was 1 inch wide, ½ inch high, and ¼ inch thick in the 
front view. The distance between the center points of the rollers in the bend head was set 
to be 20 mm. The centerline of the head was located at the center of the bend specimens 
(Figure 3.9).   
TOP 
3/10 in ± 0.01 in 
1 in ± 0.01 in 
¼ in ± 0.01 in 
20 mm ± 
0.001 in 
1/10 in 
½ in ± 
0.01 in 
FRONT 
1/20 in ± 
0.01 in 
SIDE 
Figure 3.9.  Top, front, and side views of the bend test attachment head. 
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Once the four-point bend head was in place, the specimens were individually 
placed on the base support with the as-cast surface in position so that it would be in 
tension and the tests conducted (Figure 3.10).  The Zwick machine loaded each cell at a 
rate of 1 mm/min and recorded data as the specimens were bent or broken.  The data of 
interest collected from the machine included the modulus of elasticity, E, and the flexure 




(As cast surface) 
Figure 3.10.  Four-point bend test setup. 
Four-point bend test data analysis 
Weibull parameter estimation is used in this study to determine the probability 
that a component will fail at a given normalized fracture stress.  The bend test specimen 
data was used for this analysis.  A two-parameter Weibull distribution analysis was 
performed using likelihood estimators to compute parameters from failing populations. 
These estimators consisted of well-defined functions that incorporate the failure data and 
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specimen geometry.  The slope that the Weibull plot indicates the quality of the 
specimen. 
The first step in determining the maximum likelihood parameters involves 
identifying the Weibull modulus.  For the purposes of this research, no censoring of the 
data is required. When a sample of test specimens yields two or more distinct flaw 
distributions, the sample is said to contain censored data. For this research, the number 
of failed specimens is equivalent to the total number of specimen present, thus 
eliminating data censoring.  Equation 3.14 is solved using an iteration process and the 
material Weibull modulus (α) is determined 
N ( )  ( )j j N∑ σ α ⋅ ln σ 
j=0 1 1− ⋅∑ ln( )σ j − = 0  (3.14)N ( )α N j=0 α∑ σ j 
j=0 
where N represents the total number of specimens present while σj represents the ultimate 
strengths of the specimens.  The next step of the Weibull analysis involved solving for 
the material scale parameter (β). Once the Weibull modulus (α) was determined, its 
value was inserted into the following equation and β was solved for. 
1 
N 
α ⎞ 1 ⎤ α βA = 
⎡
⎢
⎛⎜∑( )σ j ⎟ ⋅ ⎥  (3.15)⎜ ⎟
⎣ j=0 ⎠ N ⎥⎢⎝ ⎦ 
In equation 3.15, the N and σ are the same as in equation 3.14. After the Weibull 
modulus (α) and Weibull material scale parameter (β) have been calculated, the 
⎟⎜
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probability of failure (Pf) for the test specimen was expressed using the cumulative 
distribution function 
⎡ α ⎤⎛ σmax ⎞P = 1− exp⎢− ⎜ ⎟ ⎥ . (3.16)fA βm ⎢ ⎝ ⎠ ⎥⎣ ⎦ 
A Weibull distribution curve of Probability of Failure (Pf) versus the Normalized Fracture 
Stress of the specimen was then plotted. Graphs of the information are located in the 
next chapter. 
Uncertainty Analysis 
After the porosity was calculated for the castings the uncertainty was determined 
for each value. The uncertainty was measured using a method from Coleman and Steele 
[Coleman and Steel 1989]. For this method, first the data reduction equation, DRE, is 
determined and represented as follows: 
d = d(X , X ,..., X )  (3.17)1 2 N 
where the experimental result, d, is considered a function of its variables, Xi. The total 
uncertainty, U, which results from the variables is thought to come from two sources: B, 
the bias error, also known as the fixed, systematic, or constant error, and P, the precision 
error, also known as the random error where 
2 2U = (B + P )12 .D D D  (3.18)
Each component of this error is further broken down where 
SP = t ⋅
n 
2 2 2 
2 ⎛ ∂d ⎞ ⎛ ∂d ⎞ ⎛ ∂d ⎞BD = ⎜⎜ BX ⎟⎟ + ⎜⎜ BX ⎟⎟ + ... + ⎜⎜ BX ⎟⎟ 1 2 N⎝ ∂X1 ⎠ ⎝ ∂X2 ⎠ ⎝ ∂X N ⎠
N N−1 ⎛ ∂d ⎞⎛ ∂d ⎞ + 2∑ ∑ ⎜⎜ ⎟⎟⎜⎜ ⎟⎟BX BX ρXjX 
j=1 k= j+1 ⎝ ∂X j ⎠⎝ ∂Xk ⎠ 
1 1 k 
2 2 2 




In equations 3.19 and 3.20 BXi is the bias error of the variable Xi, PXi is its precision 
error, and ρXjXk is the coefficient of correlation between any variables.  The values for the 
bias error and precision error are obtained from information provided by the 
manufacturer of the equipment used to measure each variable when possible. For values 
taken from tables one-half least significant digit was used as the fossilized bias.  If the 
manufacturer did not provide the information, the one-half least count method was used 
to estimate the bias error.  For measurements that resulted from the averaging of multiple 
measurements precision error was measured by 
 (3.21) 
where t is a student t value from standard tables, S is the standard deviation, and n is the 
number of times the measurement was made.  Depending on whether the variables are 
correlated or not the coefficient of correlation is either going to be one or zero 
respectively. The only variable used to calculate the porosity that did not have any 
associated uncertainty was N, the number of wires breaking the surface.   
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When calculating the porosity of each casting, the DRE as it appears in Mathcad 
is 
n Wsijk∑Pijk ⋅ 
k=1 ρ ijkPj = .  (3.22)Wsijk∑ 
n 
k=1 ρ ijk 
When calculating a representative porosity for an entire letter group, the DRE as it 




j=1P = . (3.23)
n 
The percent porosities for each casting, the representative percent porosity for each 
lettered group, and the uncertainties for these values are given in the next section. A 
sample uncertainty calculation is given in Appendix B2. 
Limitations of this Study 
For the porosity measurements, the temperature of the water was measured and 
used to find its density.  This temperature reading was taken only once for each set of 
calculations so fluctuations in the temperature, and therefore the density, of the water 
cannot be properly accounted for in the calculations. Every attempt possible was made to 
ensure that a consistent temperature was maintained. Another source or error is 
associated with the baskets used to measure the weight of the samples in water. These 
baskets were made of wire. Some of the areas of the basket were spots where bubbles 
could form easily.  Great care thus had to be taken to make sure no bubbles formed on the 
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basket or any of the samples submerged in water.  Finally, water loss during the repeated 
measurements of weight for each porosity calculation is likely to affect the results. When 
repeated measurements were being made for each specimen, extreme caution was used to 




When reviewing the measured porosities of the groups examined, it became 
obvious that the castings made from alloy A356.2 benefited more from the pressure 
applied during solidification than those made of aluminum 319 alloy.  For Groups A (no 
pressure), D (full pressure to cup and with pins at 90ºtilt), and G (full pressure to cup and 
with pins at 45º tilt), the castings made of aluminum 319 alloy, the porosities were 
0.57%, 0.63%, and 0.53% respectively.  Only Group G had a decrease in the amount of 
porosity.  However, as it will be shown later, Group G was also the set of castings whose 
flexural strength and flexural modulus were most negatively affected.  Therefore, when 
discussing porosity measurements, only the results of the castings made of A356.2 are 
discussed in depth. 
Initially, the porosities for each of the eight excised specimens drawn from each 
casting were calculated.  Then the porosities of each specimen, along with their volumes, 
were used to calculate the porosity for each of the four castings from the letter groups of 
A356.2 studied. These porosities were then averaged together for a percent porosity 
measurement representative of each letter group.  Full pyknometry data is listed in 
Appendix B2. Table 4.1 shows the percent porosity measurements for the castings 
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studied from Group H (no pressure) and the averaged representative porosity for the 
group. A plot of these values and their uncertainties can be seen in Figure 4.1.  A 
noticeable feature is the considerable scatter in the data. The porosities of the individual 
castings in Group H range from 0.480% to 0.521%.  However, once the uncertainty is 
considered the porosity values overlap.   
Table 4.1. Percent porosities of casting group H (A356.2, no pressure). 
Casting Porosity Uncertainty 
H5 0.506% 0.019% 
H6 0.521% 0.019% 
H8 0.485% 0.019% 
H11 0.480% 0.020% 
Average 0.498% 0.010% 








H5 H6 H8 H11 









Figure 4.1.  Percent porosity for casting group H (A356.2, no pressure). 
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Similar scatter trends can be seen in Tables 4.2, 4.3, and 4.4 and Figures 4.2, 4.3, 4.4 
where the data for Groups I, J, and N are listed and graphed respectively.  For Group H 
(no pressure) there is a 0.41% difference between the highest and lowest calculated 
porosity. In Group J there is a 0.74% difference between the highest and lowest.  Group I 
has a 0.105% difference. Group N, on the other hand, only varies 0.018% from highest 
to lowest porosity. Figures 4.2, 4.3, and 4.4 show how these measurements vary.  The 
fact that these porosity measurements vary shows why the representative porosity for the 
letter groups studied was determined using several castings from each group. 
Table 4.2. Percent porosities of casting group I (A356.2, full pressure to cup at 90 ). 
Casting Porosity Uncertainty 
I5 0.447% 0.019% 
I6 0.408% 0.019% 
I7 0.513% 0.019% 
I8 0.426% 0.019% 
Average 0.449% 0.010% 






I5 I6 I7 I8 









Figure 4.2.  Percent porosity for casting group I (A356.2, full pressure to cup at 90 ). 
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Table 4.3. Percent porosities of casting group J (A356.2, squeeze pins at 90 ). 
Casting Porosity Uncertainty 
J5 0.500% 0.019% 
J6 0.483% 0.019% 
J7 0.545% 0.019% 
J8 0.557% 0.019% 
Average 0.521% 0.010% 
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Figure 4.3.  Percent porosity for casting group J (A356.2, squeeze pins at 90 ). 
Table 4.4. Percent porosities of casting group N (A356.2, full pressure to cup at 50 ). 
Casting Porosity Uncertainty 
N5 0.480% 0.019% 
N6 0.483% 0.019% 
N7 0.480% 0.019% 
N8 0.498% 0.019% 
Average 0.485% 0.010% 
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Figure 4.4.  Percent porosity for casting group N (A356.2, full pressure to cup at 50 ). 
In this study, the averaged porosity of the castings in Group H that solidified with 
no applied pressure is considered the baseline porosity measurement to which all other 
casting porosities are compared.  The averaged porosity was calculated using method and 
equation 3.19 from the previous chapter. The averaged porosity of Group H was 0.498% 
± 0.010%. When determining the effectiveness of a particular solidification condition 
compared to the baseline, percent difference was used.  Percent difference was calculated 
using the following equation 
baseline − calculated%Diff = ⋅100  (4.1)
baseline 
Percent difference was thus used to determine effectiveness as opposed to the difference 
in the porosities since the porosities were so low to begin with.  Merely reporting only the 
difference may present a misleading picture.   
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The first group of castings compared to Group H was Group I (full pressure to 
cup at 90º). Of the castings evaluated, Group I has the lowest averaged porosity at 
0.449% ± 0.010% (Figure 4.5).  This group also had the greatest amount of variation in 
the porosity of the castings measured from it.  The percent difference in the porosities of 
the Group H and Group I was over 8%. Therefore, from these results, it can be 
concluded that by applying pressure to the pouring cup when the mold has rotated 90º is 
the most effective means to reduce porosity.   
Next, Group J (squeeze pins at 90º) was compared to the baseline group. Figure 
4.5 shows that this group had the highest averaged porosity at 0.521% ± 0.010%. The 
porosities measured in this group also have a significant amount of scatter. The percent 
difference between Groups H and J is -6.54%.  The negative sign shows that the average 
porosity of Group J is actually higher than Group H.  From these results, it appears that 
by just applying squeeze pins to the castings after they have rotated 90º actually can 
render the porosity worse in a casting.  A possible explanation for this will be explained 
later. 
Finally, the results from Group N (full pressure to cup at 50º) were examined. 
The average porosity of this group is 0.485% ± 0.010%.  Of the four groups of casting 
studied, this group had the least amount of scatter in its porosity measurements. When 
compared to Group H, the percent difference in the averaged porosities was only 0.82%. 
With an improvement so low it appears applying pressure to the pouring cup after the 
mold had rotated 50º yields very little benefit.   
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Figure 4.5.  Averaged percent porosity for each A356.2 casting group studied. 
Shape Factor 
Figures 4.6, 4.7, 4.8, and 4.9, located at the end of this section, show graphically 
the results of the shape factor measurements. From the plotted results it is difficult to 
determine if the porosity is mainly shrinkage or gas driven. As stated in the preceding 
chapter, in an attempt to determine the cause of the porosity in the castings the shape 
factor of the pores was measured and statistically analyzed using a method known as 
hypothesis testing. 
From the shape factor data collected, hypothesis testing was performed for each 
letter group to determine if the porosity was mostly shrinkage or gas driven.  For all 
A356.2 groups, Groups H, I, J, and N, the analysis concluded with 95% confidence that 
the shape factors of most of the pores was less than 0.70 and therefore the porosity is 
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considered principally shrinkage driven. Full data and analysis are located in Appendix 
C. 

















Figure 4.6. Shape factor data for samples from Group H (A356.2, no pressure). 
Specimen number refers to the number given to each pore measurement (not total number 
of measurements). 
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Figure 4.7.  Shape factor data for samples from Group I (A356.2, full pressure to cup at 
90º). Specimen number refers to the number given to each pore measurement (not total 
number of measurements). 

















Figure 4.8.  Shape factor data for samples from Group J (A356.2, squeeze pins at 90º). 
Specimen number refers to the number given to each pore measurement (not total number 
of measurements). 
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Figure 4.9. Shape factor data for samples from Group N (A356.2, full pressure to cup at 
50º). Specimen number refers to the number given to each pore measurement (not total 
number of measurements). 
Optical Microscopy 
As stated previously, the need for surface roughness measurements and for the 
four-point bend test evaluation arose from observations of the casting surface first with 
the naked eye and later under the optical microscope.  Initially an Al319 alloy casting 
from a group that was allowed to solidify with no pressure applied, Group A, was 
examined. Figure 4.10 shows the surface of this casting that appears smooth. 
Subsequently a casting from a group that was allowed to solidify with pressure applied 
was viewed under the optical microscope. Figure 4.11 shows the noticeable pits or 
intrusions that could be seen on the casting surface. These features may result from 
eutectic rich areas that are only partly solidified being pushed in by pressurizing air 
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locally through air gaps at these locations.  Alternatively, a second possibility might 
involve the coherent dendrite network being pushed out through the surface. The first 
possibility would seem to be supported by Campbell [Campbell 1969].  The castings 
poured in A356.2, when viewed under the optical microscope did not appear to have any 
such surface defects and appeared similar to Figure 4.10. 
Al319 and A356.2 alloy castings were then examined under the scanning electron 
microscope (SEM).  The surface of the non-pressurized Al319 casting appears smooth 
with only a few areas containing the intrusions observed in the optical microscope 
pictures (Figure 4.12).  Figure 4.13 shows that the surface of the pressurized Al319 
casting, on the other hand, is practically covered with these intrusions. Figures 4.14 and 
4.15 show how the A356.2 pressurized and non-pressurized castings do not appear to 
have these intrusions at all. However, they do have pockmarks present that warrant 
further study. 
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Scale 100 micrometers 




Figure 4.10.  Optical microscope photo of Group A casting surface (Al 319 alloy). 
Scale 100 micrometers 
Al 319 (pressurized sample) 
500 X 
Figure 4.11.  Optical microscope photo of pressurized casting surface (Al319 alloy). 
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Figure 4.12.  SEM photo of non-pressurized casting surface (Al319 alloy). 
Figure 4.13.  SEM photo of pressurized casting surface (Al319 alloy). 
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Figure 4.14.  SEM photo of non-pressurized surface (A356.2 alloy). 
Figure 4.15.  SEM photo of pressurized casting surface (A356.2 alloy). 
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Surface Roughness 
Surface roughness measurements were made for castings of Groups A, D, G, H, I, 
and N. Both Ra, surface roughness, and Rt, peak-to-valley height, were measured several 
times for each casting.  They were then averaged together to get six Ra and Rt values for 
each of the six groups examined. The averaged Ra measurements obtained did not fall 
within the critical range of 200-300 μm stated in a previous chapter. Three of the 
averaged Rt measurements did fall in the critical range, 70-100 μm; of the three values 
that did not fall in the range one, Group N, was very close at 69.6 μm.  Averaged Ra and 
Rt values are graphed in Figures 4.16 and 4.17. 




















A (Al319, no D (Al 319, full G (Al319, full H (A356.2, no I (A356.2, full N (A356.2, 
pressure) pressure to pressure to pressure) pressure to full pressure to 
cup with pins cup with pins cup at 90 cup at 50 
at 90 degrees) at 45 degrees) degrees) degrees) 
Figure 4.16. Ra values for Al319 and A356.2 alloy castings. 























A (Al319, no D (Al 319, full G (Al319, full H (A356.2, no I (A356.2, full N (A356.2, 
pressure) pressure to pressure to pressure) pressure to full pressure 
cup with pins cup with pins cup at 90 to cup at 50 
at 90 degrees) at 45 degrees) degrees) degrees) 
Figure 4.17. Rt values for Al319 and A356.2 alloy castings. 
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Four-point Bend Test 
The bend test results for Groups A, D and G (Al319 alloy) are presented in Tables 
4.5 through 4.14. Tables 4.5 through 4.13 provide the data for the individual specimens 
and Table 4.14 provides the averaged representative data for each letter group studied. 
The data provided in these tables consists of flexural modulus, E, flexural strength, Su, 
specimen width, specimen depth, specimen travel displacement, and the maximum force 
experienced by the specimen. For all of these tables the average and standard deviation 
of the results is included. 
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A2_a 73.86 72.90 589.059 2.1 3.01 4.02 
A2_b 60.85 63.47 515.425 1.9 3.01 4.00 
A2_c 67.410 76.81 627.922 2.3 3.00 4.00 
A2_d 75.582 71.72 592.726 2.0 2.98 4.01 
A2_e 71.407 70.29 573.188 2.1 3.00 4.01 
A2_f 80.911 85.82 709.828 2.6 2.99 3.98 




6.939 7.45 64.615 0.3 0.01 0.01 


















A3_a 66.232 70.74 580.722 2.1 2.99 4.01 
A3_b 61.534 68.72 561.786 2.3 3.00 4.00 
A3_c 62.684 64.77 529.495 2.0 3.00 4.00 
A3_d 63.914 61.90 508.153 2.0 2.99 4.01 
A3_e 62.139 60.60 487.646 1.7 3.02 4.01 
A3_f 64.885 63.01 512.544 1.8 3.00 4.02 




1.78 4.00 35.097 0.2 0.01 0.01 
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A4_a 67.216 71.72 582.422 2.3 3.01 4.00 
A4_b 65.769 65.62 528.042 1.8 3.02 4.01 
A4_c 66.725 66.50 540.933 2.0 3.00 4.02 
A4_d 68.419 73.29 592.210 2.3 3.01 4.02 
A4_e 64.061 66.89 549.117 2.2 2.99 4.01 
A4_f 67.498 69.11 559.827 2.1 3.01 4.01 




1.526 3.09 24.635 0.2 0.01 0.01 
Table 4.8. Four-Point Bend Test Results for Casting Group D2 (Al319, full pressure to 


















D2_a 72.093 77.86 636.505 2.4 3.00 4.00 
D2_b 66.923 66.76 548.050 2.1 2.99 4.01 
D2_c 66.772 71.92 586.025 2.2 2.99 4.04 
D2_d 68.492 74.53 617.488 2.4 2.98 4.00 
D2_e 62.629 69.31 562.851 2.0 3.01 4.00 
D2_f 63.366 65.07 530.621 1.9 3.00 4.01 




3.465 4.82 40.957 0.2 0.01 0.02 
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Table 4.9. Four-Point Bend Test Results for Casting Group D3 (Al319, full pressure to 


















D3_a 72.144 71.20 582.060 2.1 3.00 4.00 
D3_b 62.094 63.21 513.314 1.8 3.01 4.00 
D3_c 58.306 54.13 450.372 1.9 2.97 4.01 
D3_d 65.193 70.87 577.917 2.2 3.00 4.01 
D3_e 67.306 67.94 556.349 2.0 2.99 4.02 
D3_f 62.962 57.53 469.135 1.7 3.00 4.01 




4.757 7.13 56.33 0.2 0.01 0.01 
Table 4.10. Four-Point Bend Test Results for Casting Group D4 (Al319, full pressure to 


















D4_a 60.203 76.81 575.407 2.6 3.13 4.01 
D4_b 64.622 70.09 580.268 2.3 2.97 4.03 
D4_c 68.986 73.22 595.596 2.5 3.00 4.02 
D4_d 58.544 73.03 602.051 2.8 2.98 4.02 
D4_e 60.698 70.87 601.747 2.6 2.94 4.01 
D4_f 59.816 58.70 479.873 1.9 3.00 4.00 




3.929 6.21 46.713 0.3 0.07 0.01 
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Table 4.11. Four-Point Bend Test Results for Casting Group G2 (Al319, full pressure to 


















G2_a 60.084 63.60 528.253 2.2 2.98 3.99 
G2_b 62.783 63.40 517.002 2.2 3.00 4.01 
G2_c 60.134 63.76 519.938 2.3 3.00 4.01 
G2_d 56.789 61.05 499.928 2.2 2.99 4.02 
G2_e 56.268 61.97 513.428 2.4 2.98 4.00 
G2_f 69.147 62.75 514.267 2.2 3.00 3.99 




4.715 1.06 9.305 0.1 0.01 0.01 
Table 4.12. Four-Point Bend Test Results for Casting Group G3 (Al319, full pressure to 


















G3_a 59.445 65.43 530.017 2.2 3.01 4.01 
G3_b 58.373 63.34 513.950 2.4 3.00 4.03 
G3_c 61.025 56.29 455.978 1.7 3.01 4.01 
G3_d 63.114 56.55 459.996 2.0 3.00 4.02 
G3_e 58.344 58.57 480.454 1.9 2.98 4.04 
G3_f 61.548 64.87 537.454 2.3 2.98 4.00 




1.912 4.19 35.600 0.3 0.01 0.01 
61 
Table 4.13. Four-Point Bend Test Results for Casting Group G4 (Al319, full pressure to 


















G4_a 64.495 76.42 645.651 3.0 2.94 4.03 
G4_b 59.919 65.56 532.398 2.3 3.01 4.00 
G4_c 58.220 60.14 495.787 2.2 2.98 4.02 
G4_d 63.572 68.98 576.803 2.6 2.97 3.99 
G4_e 64.190 60.17 521.186 2.0 2.90 4.04 
G4_f 58.125 63.34 511.811 2.3 3.01 4.02 




3.004 6.21 55.426 0.4 0.04 0.02 
Table 4.14. Averaged flexural modulus and flexural strength data for Al319 alloy. 
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The bend test results for the aluminum A356.2 Groups H, I and N are presented in 
Tables 4.15 through 4.27.  Just as with the A319.1 samples, Tables 4.15 through 4.26 
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provide the averaged representative data for each letter group studied.  Data listed in 
these tables includes flexural modulus, E, flexural strength, Su, specimen width, specimen 
depth, specimen travel displacement, and the maximum force experienced by the 
specimen. The average and standard deviation for all tables is also given.   


















H1_a 68.234 73.50 600.657 2.0 3.00 4.00 
H1_b 69.876 75.05 609.256 2.3 3.01 4.00 
H1_c 67.564 76.11 620.436 2.6 3.00 4.01 
H1_d 70.001 71.73 588.648 1.8 2.99 4.01 
H1_e 68.810 74.89 617.173 2.1 2.98 4.02 
H1_f 66.342 70.34 580.135 1.7 2.99 3.99 




1.403 2.20 15.986 0.3 0.01 0.01 


















H2_a 65.768 76.09 614.625 2.5 3.01 4.02 
H2_b 67.097 73.98 615.801 2.1 2.98 3.98 
H2_c 70.981 74.10 605.561 2.1 3.00 4.00 
H2_d 70.998 70.31 574.588 1.8 3.00 4.00 
H2_e 69.654 71.52 588.392 2.0 2.99 4.00 
H2_f 64.082 73.23 595.971 2.1 3.01 3.99 




2.888 2.05 16.044 0.2 0.01 0.01 
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H3_a 70.513 78.04 640.964 2.5 3.00 3.98 
H3_b 70.867 75.91 624.509 2.3 2.99 4.00 
H3_c 65.912 77.71 642.010 2.4 2.98 4.01 
H3_d 69.022 80.83 664.985 2.6 2.99 4.00 
H3_e 68.117 76.56 621.514 2.3 3.01 4.00 
H3_f 70.759 70.29 572.992 2.2 3.00 4.01 




1.947 3.51 31.023 0.2 0.01 0.01 


















H4_a 66.176 80.43 651.302 2.5 3.01 4.01 
H4_b 67.278 70.28 577.229 1.9 3.00 3.98 
H4_c 62.983 78.88 644.624 2.4 3.00 4.00 
H4_d 69.101 70.57 578.158 1.9 3.00 3.99 
H4_e 70.098 73.93 597.178 2.0 3.01 4.02 
H4_f 70.926 77.03 629.505 2.2 3.00 4.00 




2.927 4.28 33.116 0.3 0.01 0.01 
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Table 4.19. Four-Point Bend Test Results for Casting Group I1 (A356.2, full pressure to 


















I1_a 66.867 70.65 575.927 2.0 3.00 4.01 
I1_b 67.776 68.73 560.275 1.9 3.00 4.01 
I1_c 69.098 76.27 626.426 2.3 3.00 3.98 
I1_d 69.912 72.08 589.567 2.3 3.01 3.97 
I1_e 68.996 77.45 634.524 2.4 3.00 3.99 
I1_f 70.312 71.63 589.297 2.0 2.99 4.00 




1.229 3.369 28.898 0.2 0.01 0.02 
Table 4.20. Four-Point Bend Test Results for Casting Group I2(A356.2, full pressure to 


















I2_a 61.762 71.54 585.629 2.2 2.99 4.02 
I2_b 63.934 77.62 631.698 2.4 3.01 3.99 
I2_c 65.729 71.27 582.433 2.1 3.00 4.00 
I2_d 66.620 75.08 621.833 2.5 2.98 4.00 
I2_e 69.291 67.00 551.676 2.0 3.00 3.97 
I2_f 70.078 74.83 610.001 2.2 3.00 4.01 




3.156 3.744 29.615 0.2 0.01 0.02 
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Table 4.21. Four-Point Bend Test Results for Casting Group I3 (A356.2, full pressure to 


















I3_a 67.987 74.18 606.214 2.1 3.00 4.00 
I3_b 65.758 76.92 631.240 2.2 2.99 4.01 
I3_c 70.867 71.02 580.390 2.0 3.00 4.00 
I3_d 71.021 78.01 631.706 2.5 3.01 4.01 
I3_e 64.105 73.43 611.223 2.1 2.98 3.98 
I3_f 68.372 75.60 620.924 2.3 3.00 3.98 




2.745 2.53 19.265 0.2 0.01 0.01 
Table 4.22. Four-Point Bend Test Results for Casting Group I4 (A356.2, full pressure to 


















I4_a 68.928 80.65 659.089 2.6 3.00 4.00 
I4_b 65.810 72.39 589.135 1.9 3.01 3.99 
I4_c 70.181 77.43 631.196 2.4 3.00 4.01 
I4_d 71.002 78.39 640.619 2.4 3.00 4.00 
I4_e 64.829 71.92 589.218 1.9 3.00 3.99 
I4_f 69.808 73.74 600.121 2.1 3.01 3.99 




2.516 3.57 29.513 0.3 0.01 0.01 
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Table 4.23. Four-Point Bend Test Results for Casting Group N1 (A356.2, full pressure to 


















N1_a 67.245 75.65 612.595 2.4 3.01 4.01 
N1_b 70.011 74.23 610.687 2.2 2.99 4.00 
N1_c 66.723 71.23 582.106 2.0 3.00 4.00 
N1_d 70.263 76.23 631.357 2.4 2.98 4.00 
N1_e 65.235 69.05 562.884 1.8 3.00 4.01 
N1_f 64.776 73.45 603.265 2.2 3.00 3.98 




2.327 2.73 24.344 0.2 0.01 0.01 
Table 4.24. Four-Point Bend Test Results for Casting Group N2 (A356.2, full pressure to 


















N2_a 67.329 77.83 637.637 2.5 3.00 3.99 
N2_b 70.946 71.29 582.597 1.9 3.00 4.00 
N2_c 66.847 76.22 618.754 2.4 3.01 4.00 
N2_d 69.763 75.93 627.305 2.3 2.98 4.01 
N2_e 68.093 72.15 596.076 2.2 2.98 4.01 
N2_f 70.665 74.03 609.042 2.2 2.99 4.00 




1.753 2.53 20.317 0.2 0.01 0.01 
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Table 4.25. Four-Point Bend Test Results for Casting Group N3 (A356.2, full pressure to 


















N3_a 66.432 74.28 611.099 2.3 2.99 4.00 
N3_b 69.923 75.73 623.028 2.3 2.99 4.00 
N3_c 70.213 77.26 631.385 2.4 3.00 4.00 
N3_d 64.331 69.54 566.878 1.9 3.00 4.01 
N3_e 68.980 76.51 621.108 2.4 3.01 4.00 
N3_f 68.839 74.35 607.604 2.3 3.00 4.00 




2.284 2.75 22.876 0.2 0.01 0.01 
Table 4.26. Four-Point Bend Test Results for Casting Group N4 (A356.2, full pressure to 


















N4_a 66.432 79.54 654.373 2.5 2.99 4.00 
N4_b 68.736 74.22 608.061 2.3 3.00 3.99 
N4_c 67.832 76.53 621.27 2.3 3.01 4.00 
N4_d 70.020 74.97 610.132 2.2 3.01 3.99 
N4_e 65.547 73.02 595.247 2.1 3.00 4.01 
N4_f 69.873 75.98 625.085 2.3 2.99 4.00 




1.822 2.255 20.278 0.1 0.01 0.01 
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Table 4.27. Averaged flexural modulus and flexural strength data for A356.2 alloy. 












to cup at 90º) 






to cup at 50º) 




Figures 4.18, 4.19, 4.20, and 4.21 plot the averaged flexural strength and modulus for 
each letter group studied with error bars attached.  Figures 4.18 and 4.20 show that even 
though there is a difference in the values for the flexural strength and modulus for each 
letter group, there is some overlap with the error bars.  Figures 4.19 and 4.21 show that 
even without the errors bars, the flexural strength and modulus of each letter group do not 
vary significantly.  Also, the flexural strength and modulus values are higher for the 
castings poured in the A356.2 alloy than for the castings made of Al 319 alloy. 
















A (no pressure) D (full pressure to 
cup with pins at 
90º) 
G (full pressure to 
cup with pins at 
45º) 
Figure 4.18.  Rt values for Al319 and A356.2 alloy castings. 
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H (no pressure) I (full pressure to cup 
at 90º) 
N (full pressure to 












Figure 4.19.  Flexural modulus values for A356.2 castings. 
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A (no pressure) D (full pressure to 
cup with pins at 
90º) 
G (full pressure to 













Figure 4.20.  Flexural strength values for Al 319 castings. 










H (no pressure) I (full pressure to 
cup at 90º) 
N (full pressure to 














Figure 4.21.  Flexural strength values for A356.2 castings. 
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Using Weibull parameter estimation graphs of the probability of failure versus the 
normalized fracture stress was graphed. The best results, a vertical line, would be 
expected if testing a forging.  For the castings made of Al319 alloy, the resulting lines are 
graphed in Figure 4.22.  One thing to note is the extreme slope of the line, this is not 
something that is wanted.  As mentioned previously, the best plot would be of a vertical 
line. Also, according to the graph, the castings of Group D are the best. 
Probability of Failure vs. Normalized Fracture Stress 
A (No Pressure), D (Full Pressure to Cup and with Pins at 90 Degrees), 
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A-Weibull D-Weibull G-Weibull 
Figure 4.22.  Weibull plot of Al319 castings. 
For the castings made of A356.2 alloy, the resulting lines are graphed in Figure 4.23. 
One thing to note is that the lines graphed in this plot are less slanted and approach being 
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a vertical line.  Also, all of the lines are relatively close to one another. This shows that 
the results are not significantly affected by whether or not pressure was applied during 
solidification. 
Probability of Failure vs. Normalized Fracture Stress 
H (No Pressure), I (Full Pressure to Cup at 90 Degrees), N (Full 
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H-Weibull I-Weibull N-Weibull 
Figure 4.23.  Weibull plot of A356.2 castings.     
CHAPTER V 
DISCUSSION AND CONCLUSION 
Porosity 
When reviewing the porosities of the castings examined, those castings poured in 
Al319 did not seem to benefit greatly from the application of pressure during 
solidification. For Groups A (no pressure), D (full pressure to cup and with pins at 90º 
tilt), and G (full pressure to cup and with pins at 45º tilt), the castings poured in 
aluminum 319 alloy, the porosities were 0.57%, 0.63%, and 0.53% respectively. Group 
G was the only set of castings where the porosity was decreased with a percent difference 
of just over 7%.  However, as it will be shown later, Group G was also the set of castings 
whose flexural strength and flexural modulus were most negatively affected.  Therefore, 
only castings made of A356.2 will be discussed in depth. 
Four groups of castings poured in aluminum A356.2 alloy were examined for 
porosity levels, Groups H, I, J, and N respectively.  Of the four groups, Group I (full 
pressure to cup at 90º tilt) had the lowest overall averaged porosity at 0.449% ± 0.010%. 
The porosity of the group that was considered the control group for this study, Group H 
(no pressure), had an averaged porosity of 0.498% ± 0.010%.  The percent difference in 
these groups was roughly 8% leading to the conclusion that of the solidification 
conditions attempted to reduce porosity, applying full pressure to the pouring cup after 
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the mold has tilted 90º was the most effective way to reduce the porosity level.  It is 
believed that by allowing the casting to tilt 90º and then applying pressure, the casting 
has been allowed sufficient time to permit solidification of a non-permeable skin and that 
as problems in the feeding of the metal start to occur, the pressure application aids the 
liquid metal in feeding through the casting.  Group J (squeeze pins at 90º) had the highest 
averaged porosity, 0.521% ± 0.010%.  The percent difference between groups H and J 
was –6.54% leading to the conclusion that simply applying pressure through squeeze pins 
is the least effective way to reduce overall porosity in a casting. This method may not 
have worked well since the pins appear to produce only local improvement in soundness. 
It would appear that by applying the squeeze pins to just a localized area in the casting, 
adiabatic shear or possibly hot tearing may be occurring that actually raises the porosity 
level of the casting overall. Group N (full pressure to cup at 50º) had an averaged 
porosity of 0.485% ± 0.010% and a percent difference of only 0.82% with Group H. This 
manner of pressurization resulted in minimal improvements and was considered a poor 
choice for reducing the porosity in a casting also.  Since this method only decreases the 
porosity 0.82%, it would not be worth the time or money to apply it.  Therefore, applying 
pressure to the pouring cup after the casting has rotated 90º is the best of the methods of 
reducing porosity examined. 
Shape Factor 
For Groups H, I, J, and N, the shape of the porosity in the castings was measured 
along with the amount of porosity.  The shape factor results were analyzed using a 
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statistical method known as hypothesis testing.  The method was used to determine if the 
porosity could be considered shrinkage driven, gas driven, or neither. The result for all 
four groups indicates that the porosity was mainly but not exclusively shrinkage driven. 
Further research is needed for this subject to so that more decisive conclusion can be 
determined. 
Optical Microscopy 
Under the optical microscope non-pressurized castings poured in Al319 and all 
A356.2 castings had relatively smooth surfaces. The pressurized Al319 castings were 
found to have surface intrusions, or extrusions present.  When the samples were then 
examined using SEM, the intrusions on the pressurized Al319 castings were even more 
noticeable. The non-pressurized Al319 castings were found to also have some areas of 
these intrusions but the non-pressurized surfaces were definitely not as bad as the 
pressurized Al319 casting surfaces. For both pressurized and non-pressurized A356.2 
alloy castings, the surfaces showed no signs at all of these intrusions.  However, 
pockmarks were found during the SEM analysis that warrant further study. 
Surface Roughness 
Groups A, D, G, H, I, and N had castings of which the surface roughness, Ra, and 
peak-to-valley height, Rt, were measured.  The casting with the highest Ra and Rt 
measurements was the casting from Group H.  Group I had the lowest values.  This was 
surprising because, as it will be stated in the next section, castings from Group H had the 
highest flexural strength and modulus measurements and Group G had the lowest. It 
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would be expected that the castings with the lowest Ra and Rt would correlate with those 
with the highest flexural strength and flexural modulus and vice versa. Since this is not 
the case, it leads to the conclusion that surface roughness alone would not be the best 
indicator of the strength or possibly fatigue resistance of the castings. One explanation 
for these surprising results is that only one casting was measured from each group 
examined. Statistically, more castings would need to be measured to determine 
conclusive results for each group.  Also, the surface roughness of the casting is also 
determined by the surface of the mold used to produce the casting.  If the mold has been 
effectively coated with the mold coating then the casting’s surface will be smother than 
that of a casting made in a mold where the coating was not properly applied.  The results 
for this section are inconclusive and thus require further study. 
Four-point Bend Test 
The as-cast surfaces of Groups A, D, and G were tested in tension using the four-
point bend test to determine if these surface defects affected the flexural strength or 
flexural modulus of the castings.  Castings in Group A (no pressure) had the highest 
average flexural modulus and strength.  Group D (full to cup with squeeze pins at 90º) 
castings had the second highest measurements and Group G (full pressure to the cup with 
squeeze pins at 45º) had the lowest. Accordingly, when no pressure was applied, the 
flexural modulus and strength values were the highest.  Allowing the mold to rotate to 
90º and then applying pressure resulted in the second best set of values. Applying 
pressure after the mold had rotated only 45º led to the worst set of results.  A potential 
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explanation for this is that because Al319 is a long freezing range alloy (liquidus 602ºC, 
solidus 507ºC), only allowing the mold to rotate 45º does not allow enough time for the 
liquid metal that is solidifying to form a sufficiently thick shell and consequently the 
pressure causes an intrusion of the eutectic (or alternately a push out of the dendrites). 
Thus, it can be concluded that the pressurization of this alloy (Al319) presents little 
advantage.  However, if pressure application were to be considered, it would be best to 
allow the casting as much time to solidify as possible before applying this pressure.  The 
trick then becomes knowing when the delay is sufficiently long to affect the surface the 
least but soon enough to decrease the porosity the most. 
Castings made of aluminum A356.2 alloy were also viewed under the SEM and 
optical microscopes. The surface defects noticed in some of the Al319 alloy castings was 
not seen in any of the A356.2 castings, not even those that solidified with pressure 
applied. A possible explanation for this is that A356.2 alloy possesses a shorter freezing 
range (liquidus 615ºC, solidus 554ºC) than the Al319 alloy.  This shorter freezing range 
implies that the time available for the metal push in of the eutectic or push out of the 
dendrites is limited.  Since this surface defects are not present in any of the A356.2 alloy 
castings examined, it would be expected that the differences in the flexural strength and 
modulus between Groups A, D, and G not be present between Groups H, I, and N that 
were tested.  As expected, there was very little difference in measured flexural strength 
and modulus of any of the A356.2 casting.  It would also appear that for castings of 
A356.2 alloy, the time of application does not significantly affect the flexural strength 
results. Furthermore, when deciding which casting alloy could benefit most from 
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pressure application during solidification, those poured using metals with shorter freezing 
ranges would appear to be the best choice. 
The Weibull graphs support the statement that the A356.2 alloy castings 
responded better to the pressurization than the Al319 castings.  When examining the 
graphs it is evident that all of the A356.2 castings examined have data points that overlap 
meaning the probability of failure was approximately the same for the castings regardless 
of whether or not pressure was applied during solidification. The slopes of the lines 
created by these points are also important.  The slopes of these lines are measured at the 
most linear section of the lines.  For Weibull graphs, lines with higher slopes are 
considered better because these lines are closer to being vertical.  The slopes for the lines 
for each group examined were as follows:  Group H’s slope was 0.0109, Group I’s slope 
was 0.0108, and Group N’s slope was 0.0124. According to the slopes, castings from 
Groups H and I have very close slopes therefore no conclusions can be drawn from this 
analysis as to which is better.  Group N, however, does have a higher slope and, 
according to the Weibull analysis, responds better to pressurization.   
In contrast, the graphs of the castings poured in Al319 have lines with lower 
slopes when compared to the slopes of the castings poured in A356.2. For the Al319 
castings the slopes are 4.411x10-3, 5.842x10-3, and 4.934x10-3 for Groups A, D, and G 
respectively.  The data points from Groups A and D over lap and have lower probability 
of failures at a given normalized fracture stress than the data points from Group G. 
However, Group D is considered the better group of the Al319 castings overall because it 
has the higher slope. 
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In summary, Al319 is an alloy that is not recommended for pressurization because 
even though pressure application did reduce the porosity of one of the Al319 groups of 
castings studied, Group G, these castings had other negative side effects that over 
shadowed any gains from a decrease in porosity.  One such negative side effect was the 
intrusions that appear on the surface of pressurized Al319 casting. Also, pressurized and 
non-pressurized Al319 casting have the lower flexural strength and modulus when 
compared A356.2 castings.  Furthermore, of the Al319 castings tested, Group G castings 
tested had the lowest overall flexural strength and flexural modulus of both Al319 and 
A356.2 castings. When the flexural strength of the Al319 castings was used to produce 
Weibull graphs the resulting data points formed lines that had a very low slope. For a 
Weibull graph, the higher the slope of the resulting line, the closer the line is to vertical, 
and the better the object being examined.   
On the contrary, A356.2 alloy appears to be the more suitable alloy for pressure 
application because the decrease in porosity does not seem to be accompanied with 
negative side effects.  The surfaces of both pressurized and non-pressurized A356.2 alloy 
castings did not appear to have surface intrusions present. Also, A356.2 alloy castings 
have comparatively higher flexural strength and modulus measurements. The 
measurements were used to generate a Weibull graph of the data.  Most of the data points 
overlap leading to the conclusion that pressure does not affect castings poured in A356.2. 
Also, the A356.2 castings have higher slopes than the Al319 casting therefore A356.2 
alloy is the aluminum alloy that is better suited for pressurization during solidification. 
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Future Work 
During the course of this study, certain other related topics were noticed but due 
to time and testing constraints could not be pursued.  One topic is the method of 
pressurization.  The possibility of using localized pressurization, through vents at a blind 
riser, to apply pressure during solidification could yield better results for castings of both 
Al319 and A356.2 alloy.  Another idea worth studying is whether or not the stated 
method of pyknometry is needed to obtain accurate porosity level measurements. 
Equipment is becoming available permitting the weighing of the sample in air, then in 
water, which then delivers density values directly.  Consequently the only calculation that 
would remain would be to compare this density to the theoretical density of the specimen 
to determine the porosity measurement. Other future projects could include a more in 
depth study into the shape factor of porosity found in the castings, and relating this to 
fatigue results.  These results should also be compared to the flexural strength and 
modulus results obtained for some of the castings.  Also, whether or not the depth of the 
pore below the surface correlates with whether or not it is shrinkage or gas driven is 
worth studying.  Finally, accurate procedures for predicting skin-thickening kinetics 
would aid considerably in determining times and locations of pressurization. This would 
necessitate more precise solidification modeling studies than heretofore and in particular 
more careful study of local heat transfer coefficient variation. 
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APPENDIX A 
MELTING AND POURING TABLE DATA FOR EACH OF THE CASTING GROUPS 
A THROUGH O 
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(SCFH) Apply Time 
A1-A4 808 770 No No NA 
A5-A8 820 766 No No NA 
A9-A12 827 773 No No NA 
A13-A16 835 781 No No NA 
Where NA is Not Applicable. 
Table A.2. Group B: castings B1-B16 poured with full pressure applied to the pouring 














(SCFH) Apply Time 
B1-B4 847 793 52 400 2 min, 21 s 
B5-B8 855 800 52 400 2 min, 21 s 
B9-B12 861 806 52 400 2 min, 21 s 
B13-B16 846 788 52 400 2 min, 21 s 
Table A.3. Group C: castings C1-C16 poured with no pressure applied to the pouring 











Pin Air Flow 
Rate (SCFH) Apply Time 
C1-C4 851 795 82 50 3 min, 30 s 
C5-C8 846 792 82 50 2 min, 14 s 
C9-C12 856 802 82 50 2 min, 13 s 
C13-C16 855 800 82 50 2 min, 49 s 
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Table A.4. Group D: castings D1-D16 poured with full pressure applied to the pouring 














(SCFH) Apply Time 
D1-D4 856 802 52/82 400/50 2 min, 57 s 
D5-D8 858 802 52/82 400/50 2 min, 51 s 
D9-D12 797 753 52/82 400/50 2 min, 43 s 
D13-D16 814 768 52/82 400/50 No Reading 
Table A.5. Group E: castings E1-E8 poured with reduced pressure applied to the pouring 
















E1-E4 810 755 25 200 3 min, 00 s 
E5-E8 820 772 25 200 2 min, 39 s 
Table A.6.  Group F: castings F1-F16 poured with full pressure applied to the pouring 














(SCFH) Apply Time 
F1-F4 834 784 52 400 3 min, 00 s 
F5-F8 843 791 52 400 3 min, 17 s 
F9-F12 854 802 52 400 4 min, 46 s 
F13-F16 844 787 52 400 2 min, 45 s 
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Table A.7. Group G: castings G1-G16 poured with full pressure applied to the pouring 














(SCFH) Apply Time 
G1-G4 850 790 52/82 400/50 4 min, 00 s 
G5-G8 851 796 52/82 400/50 3 min, 40 s 
G9-G12 851 796 52/82 400/50 3 min, 30 s 
G13-G16 859 802 52/82 400/50 4 min, 00 s 

















H1-H4 816 766 No No 3 min, 00 s 
H5-H8 831 781 No No 2 min, 35 s 
H9-H12 860 810 No No 2 min, 28 s 
H13-H16 880 830 No No 2 min, 40 s 
Table A.9. Group I: castings I1-I16 poured with full pressure applied to the pouring cup 














(SCFH) Apply Time 
I1-I4 877 827 52 400 2 min, 57 s 
I5-I8 890 840 52 400 3 min, 05 s 
I9-I12 910 860 52 400 3 min, 05 s 
I13-I16 920 870 52 400 3 min, 04 s 
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Table A.10. Group J: castings J1-J16 poured with no pressure applied to the pouring cup 













 Air Flow 
Rate (SCFH) Apply Time 
J1-J4 930 880 82 100 3 min, 04 s 
J5-J8 866 816 82 100 3 min, 10 s 
J9-J12 876 826 82 100 2 min, 57 s 
J13-J16 884 834 82 100 3 min, 02 s 
Table A.11. Group K: castings K1-K16 poured with full pressure applied to the pouring 














(SCFH) Apply Time 
K1-K4 889 839 52/82 400/100 2 min, 52 s 
K5-K8 901 851 52/82 400/100 3 min, 03 s 
K9-K12 915 865 52/82 400/100 2 min, 59 s 
K13-K16 929 879 52/82 400/100 3 min, 04 s 
Table A.12. Group L: castings L1-L16 poured with full pressure applied to the pouring 














(SCFH) Apply Time 
L1-L4 882 832 52 400 3 min, 07 s 
L5-L8 898 848 52 400 3 min, 03 s 
L9-L12 900 850 52 400 3 min, 01 s 
L13-L16 904 854 52 400 3 min, 00 s 
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Table A.13. Group M: castings M1-M16 poured with full pressure applied to the pouring 














(SCFH) Apply Time 
M1-M4 858 808 52 400 3 min, 05 s 
M5-M8 870 820 52 400 3 min, 04 s 
M9-M12 883 833 52 400 3 min, 00 s 
M13-M16 896 846 52 400 3 min, 01 s 
Table A.14. Group N: castings N1-N16 poured with full pressure applied to the pouring 














(SCFH) Apply Time 
N1-N4 856 806 52 400 3 min, 02 s 
N5-N8 876 826 52 400 3 min, 06 s 
N9-N12 884 834 52 400 3 min, 02 s 
N13-N16 899 849 52 400 3 min, 07 s 
Table A.15. Group O: castings O1-O16 poured with full pressure applied to the pouring 














(SCFH) Apply Time 
O1-O4 864 814 52 400 3 min, 27 s 
O5-O8 868 818 52 400 3 min, 15 s 
O9-O12 878 828 52 400 3 min, 17 s 
O13-O16 889 849 52 400 3 min, 16 s 
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Table B1.1.  Group H pyknometry data. 
Ws (g) Wsb (g) Wb (g) ρL (g/cm3) P 
H5_1 111.09 72.973 3.402 0.998 0.469% 
H5_2 28.985 21.525 3.372 0.998 0.462% 
H5_3 127.561 83.297 3.417 0.998 0.483% 
H5_4 89.497 59.464 3.417 0.998 0.475% 
H5_5 34.793 25.164 3.435 0.998 0.932% 
H5_6 138.215 89.977 3.428 0.998 0.489% 
H5_7 106.112 69.857 3.412 0.998 0.491% 
H5_8 100.295 66.212 3.415 0.998 0.505% 
H6_1 110.827 72.846 3.419 0.99809 0.413% 
H6_2 26.856 20.188 3.394 0.99809 0.708% 
H6_3 124.692 81.493 3.424 0.99809 0.505% 
H6_4 87.894 58.454 3.451 0.99809 0.585% 
H6_5 37.911 27.13 3.452 0.99809 0.910% 
H6_6 128.184 83.679 3.413 0.99809 0.483% 
H6_7 109.538 71.997 3.389 0.99809 0.441% 
H6_8 97.828 64.645 3.41 0.99809 0.546% 
H8_1 110.287 72.385 3.283 0.99811 0.379% 
H8_2 28.985 21.525 3.372 0.99811 0.462% 
H8_3 121.561 79.452 3.301 0.99811 0.411% 
H8_4 99.234 65.463 3.344 0.99811 0.531% 
H8_5 38.651 27.487 3.341 0.99811 0.867% 
H8_6 134.779 87.758 3.35 0.99811 0.456% 
H8_7 109.98 72.206 3.318 0.99811 0.429% 
H8_8 93.008 61.571 3.346 0.99811 0.522% 
H11_1 117.148 76.694 3.294 0.99818 0.372% 
H11_2 21.244 16.579 3.308 0.9982 0.865% 
H11_3 111.09 72.893 3.34 0.99818 0.497% 
H11_4 109.404 71.841 3.321 0.99818 0.441% 
H11_5 30.489 22.369 3.334 0.9982 0.962% 
H11_6 139.755 90.871 3.345 0.99818 0.447% 
H11_7 92.096 60.99 3.303 0.9982 0.417% 
H11_8 102.622 67.588 3.342 0.9982 0.507% 
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Table B1.2.  Group I pyknometry data. 
Ws (g) Wsb (g) Wb (g) ρL (g/cm P 
I5_1 107.836 70.97 3.436 0.9981 0.459% 
I5_2 34.404 24.851 3.322 0.9979 0.613% 
I5_3 118.647 77.708 3.386 0.9981 0.419% 
I5_4 106.664 70.195 3.38 0.9981 0.421% 
I5_5 47.685 33.199 3.315 0.9981 0.345% 
I5_6 145.727 94.627 3.362 0.9981 0.456% 
I5_7 112.005 73.504 3.371 0.9981 0.488% 
I5_8 81.371 54.306 3.334 0.9981 0.418% 
I6_1 109 71.576 3.312 0.9981 0.456% 
I6_2 31.354 22.95 3.34 0.9981 0.676% 
I6_3 119.106 77.948 3.345 0.9981 0.434% 
I6_4 101.562 66.982 3.315 0.9981 0.295% 
I6_5 45.859 32.079 3.358 0.9981 0.452% 
I6_6 143.589 93.348 3.362 0.9981 0.345% 
I6_7 108.698 71.476 3.37 0.9981 0.379% 
I6_8 86.984 57.872 3.399 0.9981 0.465% 
I7_1 114.257 75.006 3.432 0.9976 0.465% 
I7_2 34.404 24.851 3.322 0.9976 0.613% 
I7_3 124.054 81.06 3.411 0.9976 0.598% 
I7_4 103.307 68.067 3.365 0.9976 0.497% 
I7_5 41.953 29.619 3.348 0.9976 0.522% 
I7_6 155.449 100.745 3.373 0.9976 0.474% 
I7_7 103.923 68.473 3.378 0.9976 0.478% 
I7_8 83.879 55.888 3.37 0.9976 0.549% 
I8_1 106.731 70.203 3.307 0.99784 0.350% 
I8_2 34.903 25.21 3.332 0.99784 0.333% 
I8_3 120.136 78.595 3.344 0.99784 0.452% 
I8_4 101.99 67.225 3.331 0.99784 0.429% 
I8_5 45.475 31.831 3.35 0.99784 0.477% 
I8_6 143.079 92.98 3.336 0.99784 0.413% 
I8_7 101.358 66.854 3.363 0.99784 0.446% 
I8_8 96.22 63.635 3.376 0.99784 0.484% 
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Table B1.3.  Group J pyknometry data. 
Ws (g) Wsb (g) Wb (g) 
ρL 
(g/cm3) P 
J5_1 107.652 70.787 3.339 0.99796 0.401% 
J5_2 29.695 21.895 3.318 0.99796 0.655% 
J5_3 124.212 81.166 3.386 0.99796 0.495% 
J5_4 103.668 68.281 3.374 0.99796 0.516% 
J5_5 42.347 29.83 3.368 0.99796 0.838% 
J5_6 154.233 99.975 3.37 0.99796 0.449% 
J5_7 105.992 69.757 3.384 0.99796 0.488% 
J5_8 82.427 54.967 3.353 0.99796 0.496% 
J6_1 105.534 69.444 3.313 0.99787 0.383% 
J6_2 25.615 19.354 3.321 0.99787 0.573% 
J6_3 125.214 81.772 3.355 0.99787 0.482% 
J6_4 96.828 63.978 3.357 0.99787 0.535% 
J6_5 48.985 33.994 3.323 0.99787 0.519% 
J6_6 142.478 92.585 3.35 0.99787 0.471% 
J6_7 110.272 72.419 3.34 0.99787 0.436% 
J6_8 88.407 58.705 3.371 0.99787 0.579% 
J7_1 103.835 68.394 3.335 0.998 0.389% 
J7_2 29.695 21.895 3.318 0.998 0.655% 
J7_3 121.448 79.425 3.386 0.998 0.512% 
J7_4 101.937 67.203 3.385 0.998 0.526% 
J7_5 43.873 30.8 3.399 0.998 0.926% 
J7_6 148.121 96.141 3.387 0.998 0.484% 
J7_7 109.105 71.686 3.386 0.998 0.539% 
J7_8 83.319 55.512 3.385 0.998 0.637% 
J8_1 112.165 73.548 3.28 0.99796 0.420% 
J8_2 28.988 21.415 3.288 0.99796 0.722% 
J8_3 114.45 74.982 3.352 0.99796 0.580% 
J8_4 105.578 69.417 3.344 0.99796 0.592% 
J8_5 42.304 29.763 3.321 0.99796 0.796% 
J8_6 146.745 95.231 3.35 0.99796 0.510% 
J8_7 95.674 63.219 3.33 0.99796 0.551% 
J8_8 98.75 65.142 3.336 0.99796 0.575% 
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Table B1.4.  Group N pyknometry data. 
Ws (g) Wsb (g) Wb (g) 
ρL 
(g/cm3) P 
N5_1 108.422 74.606 6.717 0.99798 0.485% 
N5_2 24.307 21.898 6.668 0.99798 0.370% 
N5_3 130.444 88.392 6.709 0.99798 0.476% 
N5_4 98.932 68.651 6.705 0.99798 0.488% 
N5_5 37.49 30.164 6.692 0.99798 0.502% 
N5_6 135.31 91.433 6.699 0.99798 0.468% 
N5_7 95.929 66.782 6.718 0.99798 0.494% 
N5_8 99.644 69.11 6.721 0.99798 0.495% 
N6_1 106.767 73.572 6.7 0.99798 0.439% 
N6_2 30.838 25.996 6.709 0.99798 0.676% 
N6_3 120.646 82.236 6.693 0.99798 0.487% 
N6_4 94.194 65.685 6.676 0.99798 0.405% 
N6_5 34.529 28.318 6.709 0.99798 0.574% 
N6_6 139.493 94.035 6.688 0.99798 0.482% 
N6_7 110.549 75.932 6.715 0.99798 0.497% 
N6_8 91.929 64.273 6.713 0.99798 0.492% 
N7_1 104.229 71.988 6.691 0.99798 0.400% 
N7_2 24.307 21.898 6.668 0.99798 0.370% 
N7_3 128.533 87.204 6.715 0.99798 0.472% 
N7_4 98.655 68.479 6.72 0.99798 0.526% 
N7_5 33.924 27.94 6.707 0.99798 0.557% 
N7_6 140.943 94.957 6.7 0.99798 0.477% 
N7_7 104.756 72.308 6.712 0.99798 0.480% 
N7_8 91.216 63.843 6.717 0.99798 0.454% 
N8_1 106.991 73.707 6.723 0.99798 0.508% 
N8_2 29.05 24.879 6.715 0.99798 0.725% 
N8_3 125.368 85.199 6.703 0.99798 0.495% 
N8_4 91.558 64.035 6.713 0.99798 0.507% 
N8_5 40.8 32.241 6.711 0.99798 0.599% 
N8_6 136.513 92.191 6.71 0.99798 0.481% 
N8_7 97.206 67.595 6.719 0.99798 0.458% 
N8_8 101.616 70.353 6.706 0.99798 0.436% 
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SHAPE FACTOR CALCULATION EXAMPLE AND DATA 
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Table C.1. Area, Perimeter, and Shape Factor measurements for Group H. 




335 72.87 0.79 1 
3837 296.55 0.55 2 
2217 236.41 0.50 3 
22685 606.56 0.77 4 
1798 173.78 0.75 5 
545 101.36 0.67 6 
1476 212.51 0.41 7 
639 158.57 0.32 8 
1104 150.08 0.62 9 
6021 464.48 0.35 10 
5179 494.09 0.27 11 
1099 144.71 0.66 12 
1931 187.58 0.69 13 
15129 672.64 0.42 14 
3843 251.24 0.77 15 
697 99.36 0.89 16 
846 130.33 0.63 17 
2337 269.48 0.40 18 
5904 354.74 0.59 19 
782 115.88 0.73 20 
4303 296.07 0.62 21 
1100 155.05 0.57 22 
5073 394.63 0.41 23 
239 61.46 0.80 24 
830 126.23 0.65 25 
1477 182.31 0.56 26 
2568 304.21 0.35 27 
1429 203.44 0.43 28 
179 51.46 0.85 29 
2880 301.38 0.40 30 
1421 182.37 0.54 31 
136 
Table C.2. Area, Perimeter, and Shape Factor measurements for Group I. 




3509 249.62 0.71 1 
2627 275.92 0.43 2 
20342 910.99 0.31 3 
2947 256.55 0.56 4 
634 95.60 0.87 5 
14538 715.23 0.36 6 
916 116.18 0.85 7 
487 87.01 0.81 8 
10961 562.30 0.44 9 
14647 751.45 0.33 10 
2437 226.07 0.60 11 
577 99.84 0.73 12 
18989 751.87 0.42 13 
1276 188.02 0.45 14 
1810 167.54 0.81 15 
2077 215.82 0.56 16 
1382 178.27 0.55 17 
25817 985.94 0.33 18 
5482 396.15 0.44 19 
3546 332.01 0.40 20 
9382 442.69 0.60 21 
3070 228.41 0.74 22 
790 124.57 0.64 23 
10074 677.55 0.28 24 
14861 639.77 0.46 25 
4648 348.69 0.48 26 
4921 332.59 0.56 27 
5769 365.36 0.54 28 
15977 655.09 0.47 29 
25368 929.80 0.37 30 
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Table C.3. Area, Perimeter, and Shape Factor measurements for Group J. 




2121 233.68 0.49 1 
1266 146.57 0.74 2 
4203 284.69 0.65 3 
701 113.74 0.68 4 
27588 779.13 0.57 5 
9791 641.55 0.30 6 
6331 464.82 0.37 7 
2664 199.05 0.84 8 
5440 454.90 0.33 9 
3988 329.42 0.46 10 
3162 256.89 0.60 11 
1218 155.05 0.64 12 
1593 174.81 0.66 13 
10320 473.12 0.58 14 
1125 155.15 0.59 15 
4539 284.89 0.70 16 
3091 310.11 0.40 17 
512 98.08 0.67 18 
740 124.91 0.60 19 
8936 477.93 0.49 20 
9155 553.29 0.38 21 
5563 392.15 0.45 22 
3721 317.32 0.46 23 
491 98.28 0.64 24 
3586 268.89 0.62 25 
5830 338.01 0.64 26 
8309 424.53 0.58 27 
18499 832.30 0.34 28 
29701 779.49 0.61 29 








Table C.4. Area, Perimeter, and Shape Factor measurements for Group N. 
Area Perimeter N Shape Factor Specimen Number 
7119 404.17 0.55 1 
4457 346.79 0.47 2 
594 94.57 0.83 3 
769 124.81 0.62 4 
4509 314.41 0.57 
1809 228.17 0.44 6 
17681 650.70 0.52 7 
671 112.43 0.67 8 
17787 709.67 0.44 9 
11249 507.22 0.55 
13290 559.61 0.53 11 
6110 429.91 0.42 12 
549 90.77 0.84 13 
762 153.10 0.41 14 
2858 236.65 0.64 
5005 402.25 0.39 16 
3841 249.72 0.77 17 
28198 960.67 0.38 18 
19569 868.00 0.33 19 
23388 940.32 0.33 
5341 352.85 0.54 21 
2617 240.41 0.57 22 
15894 678.56 0.43 23 
2686 266.35 0.48 24 
14480 544.68 0.61 
1070 171.68 0.46 26 
7229 465.79 0.42 27 
29366 1314.57 0.21 28 
7707 361.91 0.74 29 
792 118.47 0.71 
8752 512.39 0.42 31 
9271 464.86 0.54 32 
4865 402.74 0.38 33 
1893 221.10 0.49 34 
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Hypothesis Testing 
Ho: μ > 0.70 null hypothesis 
Ha: μ < 0.70 alternative hypothesis 
− 




x = average shape factor value 
μo =  parameter tested 
S = standard deviation 
n = number of measurements evaluated 
CI = confidence interval, (1-α)*100 
α = small number used to calculate CI 
reject Ho, and accept Ha, if t<tn-1;α. 
Table C.5. Hypothesis testing values for Group H. 








t30; 0.05 -2.042 
t -3.964 
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Table C.6. Hypothesis testing values for Group I. 








t29; 0.05 -2.045 
t -5.269 
Table C.7. Hypothesis testing values for Group J. 








t29; 0.05 -2.045 
t -5.548 
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Table C.8. Hypothesis testing values for Group N. 








t33; 0.05 -2.042 
t -7.115 
For Groups H, I, J, and N the test statistic, t, is less than tn-1;α, therefore we reject the null 
hypothesis and conclude that the shape factors for each groups can be considered less 
than 0.70 and therefore the porosity for these castings is predominantly shrinkage driven. 
APPENDIX D 
SURFACE ROUGHNESS DATA 
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Table D.1. Surface roughness and peak-to-valley height measurements for Group A. 
Group A 1 2 3 4 5 6 7 8 Average 
Ra 6.2 6.2 7.0 6.8 12.2 6.0 13.0 11.0 8.6 
Rt 49.0 49.0 64.0 54.0 89.0 58.0 103.0 82.0 68.5 
Table D.2. Surface roughness and peak-to-valley height measurements for Group D. 
Group D 1 2 3 4 5 6 7 8 Average 
Ra 8.6 10.2 9.2 8.6 7.0 7.2 10.0 11.0 9.0 
Rt 70.0 77.0 86.0 61.0 63.0 63.0 82.0 72.0 71.8 
Table D.3. Surface roughness and peak-to-valley height measurements for Group G. 
Group G 1 2 3 4 5 6 7 8 Average 
Ra 10.2 10.8 10.4 9.0 8.2 7.2 8.6 9.4 9.2 
Rt 89.0 90.0 89.0 65.0 72.0 55.0 57.0 63.0 72.5 
Table D.4. Surface roughness and peak-to-valley height measurements for Group H. 
Group H 1 2 3 4 5 6 7 8 Average 
Ra 11.0 11.0 10.8 9.8 10.8 11.6 10.0 12.6 11.0 
Rt 90.0 94.0 88.0 112.0 103.0 96.0 103.0 97.0 97.9 
Table D.5. Surface roughness and peak-to-valley height measurements for Group I. 
Group I 1 2 3 4 5 6 7 8 Average 
Ra 7.0 6.6 6.6 7.2 7.8 6.6 6.4 6.0 6.8 
Rt 62.0 50.0 48.0 60.0 62.0 50.0 50.0 50.0 54.0 
Table D.6. Surface roughness and peak-to-valley height measurements for Group N. 
Group N 1 2 3 4 5 6 7 8 Average 
Ra 9.0 7.2 8.2 9.6 9.4 8.4 8.2 7.8 8.5 
Rt 78.0 56.0 65.0 75.0 78.0 78.0 62.0 65.0 69.6 
